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CHAPTER 12 
Histopathological Studies 
Craig Ruddell 
Special Report in Applied Marine Science 
and Ocean Engineering No. 200 
Preface 
The major portion of this chapter is a histological atlas of the 
major organ systems of selected invertebrates from the Middle Atlantic 
continental shelf. Because of the large number of photomicrographs 
presented, they have been grouped together at the end of the ~ext. 
This allows uninterrupted reading of the text and facilitates finding 
photomicrographs. 
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CHAPTER 12 
HISTOPATHOLOGICAL STUDIES 
Craig Ruddell 
INTRODUCTION 
A number of investigators have shown that acute and chronic 
pollution of the marine environment with crude or waste oils resulted 
in the appearance of histologically demonstrable lesions in fish and 
shellfish (Blanton and Robinson 1973; Barry 1974; Barry and Yevich 
1975; Gardner 1975; Gardner et al. 1975; Yevich 1975a, b). This work 
suggested that profound physiological changes and dysfunctions may 
have occurred in animals subjected to these compounds. The work 
presented below was prompted by these studies and was undertaken in an 
effort to define the normal or baseline histology of a number of 
common benthic marine invertebrates found in the vicinity of the 
Middle Atlantic oil drilling lease areas. This will allow the 
employment of the tools and expertise of the histopathologist to 
evaluate the effects of environmental contamination associated with 
future gas and oil production. 
This report focuses on some of the significant findings of the 
histopathology effort to date with particular emphasis being devoted 
to describing the normal or baseline histology of 12 common marine 
benthic invertebrates found in the OCS study area. Specifically, this 
work includes details pertaining to the size, distribution, and 
gonadal cycles of these animals and the histology of several organ 
systems and their associated symbionts. The histological descriptions 
of the organ systems and symbionts are based on the author's 
observations and on reports from the literature, and are illustrated 
with photomicrographs of material collected and processed by the 
histopathology section. 
In spite of the obvious omissions in this presentation of 
histological data, it is hoped that this work will constitute an 
important first step in defining baseline histology of these animals. 
METHODS AND MATERIALS 
Overview 
A number of benthic marine invertebrates were collected from the 
dredge and trawl stations (see Chapter 2) during eight cruises over a 
period of approximately 22 months. Portions of these animals were 
prepared for histological examination. Sections of these animals were 
then examined with a view toward determining the normal or baseline 
12-1 
micro-anatomy of these animals as interpreted by histological means. 
After having determined, insofar as possible, the baseline condition 
of these animals, a histological atlas or collection of photo-
micrographs depicting the structure of a number of major organs and 
organ systems was prepared. Details of the procedures employed in 
collecting and processing the animals are presented below. 
Organisms Chosen for Analysis 
Twelve benthic marine invertebrates were chosen for histo-
pathological analysis. These organisms were selected because: (1) 
they were representative of the fauna found in a given area; (2) they 
could be captured by the sampling equipment available to us; (3) they 
occurred in numbers sufficient to satisfy the needs not only of the 
histopathology effort but also of the chemists; (4) they could be 
captured and brought to the surface in a relatively untraumatized 
condition; (5) they represented diverse feeding types; and (6) some of 
the organisms, i.e. Placopecten megallanicus, represented species of 
commercial importance. The organisms chosen for analysis included: 
Molluscs: 
Shrimp: 
Crabs: 
Echinoderms: 
Astarte undata, A. castanea, and Placo-
pecten magellanicus 
Dichelopandalus leptocerus, Pontophilus 
brevirostris, and Crangon septemspinosa 
Cancer irroratus and c. borealis 
Echinarachnius parma,-Asterias forbesi, 
A. vulgaris and Astropecten americanus. 
Organs and Tissues Sampled 
For routine work, the smaller crustacea, specifically the shrimp 
and small crabs, were fixed whole without any attempt to dissect out 
discrete organ systems. Similarly, the echinoderms and small molluscs 
were dissected to yield only broad anatomical units such as the arms 
or disk area in the echinoderms or portions of gut, mantle, and foot 
in the smaller molluscs. The larger crabs and the giant scallop.~· 
magellanicus, were dissected to provide portions of gill, digestive 
diverticula, stomach (crabs only), gonad, muscle, heart, mantle 
(scallops only), or kidney (scallops only). Fine dissections of other 
animals were occasionally performed when it was desired to obtain 
material for plastic embedding (see below). 
Fixation. Samples to be processed in the "routine" manner were 
preserved in Dietrich's fluid (9000 ml distilled water, 4500 ml 95% 
ethanol, 1500 ml 40% formalin, 300 ml glacial acetic acid). This 
fixative was recommended by Barozcz and Yevich (1975) as the fixative 
of choice for field work and shipboard use because animals can be 
stored in this fixative for several months without undue hardening of 
tissues. In addition, Dietrich's fixative is easily prepared, 
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penetrates tissues quickly, remains usable for long periods, even when 
maintained at room temperature, is inexpensive to prepare, and does 
not leave explosive or toxic residues on spilling. (Many of the 
classical histological fixatives do leave dangerous residues). During 
the first (Fall, 975) cruise, as recommended by Barozcz and Yevich 
(1975), samples were placed in perforated "zip-lock" plastic bags, 
appropriately labeled, and immersed in large containers of fixative. 
This procedure proved to be somewhat tedious and wasteful of fixative, 
and resulted in a number of poorly preserved specimens. On all 
subsequent cruises, therefore, specimens were placed in small, 100 ml 
polyethylene screw-top bottles which had been filled with fixative one 
week prior to the cruise. 
Although Dietrich's fixative was an adequate histological 
fixative, it did not preserve the fine structural elements of tissues 
and appeared to wash out glycogen from tissues. In order to 
appreciate the finer morphological details, selected portions of the 
animals referred to above were preserved in aqueous 
phosphate-buffered, acrolein-formaldehyde mixture (PAF). PAF 
consisted of: 90 ml distilled water, 10 ml formalin (40% 
formaldehyde), 1.2 g NaH2P04.H20, 2.1 g Na2HP04, and 24 drops of 
acrolein (0.41 ml) Pasteur pipette. Small portions of tissue, 
generally less than 5 rum in diameter, were placed in PAF, transported 
back to the laboratory and embedded in glycol methacrylate (see below) 
for routine examination at the light microscope level. 
Numbers of Animals Sampled 
Five to ten organisms per species were sampled at a given station 
on each cruise. 
Data Collection 
Each animal collected on shipboard was assigned a "specimen 
number". In addition, whenever organs or organ systems were dissected 
out, these tissues were assigned, a "sub-number" corresponding to or 
coding for a given organ (see below). As each animal was fixed, data 
relating to the size, sex, and/or anatomical anomalies of the animal 
were entered on a histopathology field form. Ancillary data, 
including the date of collection, portion of animal sampled, station 
number, and gear type were also entered on the field form. 
Mensuration. In order to obtain an estimate of the relative size 
of the animals collected, the following measurements were taken (in 
·rum): 
Bivalve molluscs, shell length, umbo to edge of shell; 
Shrimp, total length, tip of the rostrum to end of telson; 
Crabs, carapace width; 
Sand dollars, diameter; 
Sea stars, distance between the tips of any two non-adjacent 
arms. 
Laboratory Processing 
Preparation of Tissues for Sectioning 
Material preserved in Dietrich's fixative. On arrival at the 
laboratory, material preserved in Dietrich's fixative was trimmed and 
then washed in tap water overnight or decalcified if tissues were 
encased with a calcified exoskeleton (all echinoderms and shrimp were 
routinely decalcified) by placing them in several changes of 0.1 N HC1 
for 12-18 hours. Tissues were dehydrated and cleared on a "Technicon" 
-brand Automatic Tissue Processor, employing Technicon's dehydration 
and clearing agents, S-29 and UC-670, and infiltrated with paraffin 
under vacuum and embedded. 
Material preserved in aldehyde mixtures. Tissues preserved in 
phosphate-buffered acrolein-formalin (PAF) were dehydrated in pure 
methanol, infiltrated with a variant of Ruddell's (1971) glycol 
methacrylate monomer mixture, and polymerized under an incandescent 
lamp. 
Sectioning 
Paraffin blocks. Material preserved in Dietrich's fixative was 
sectioned at 5 ~m with a steel knife on a standard rotary microtome. 
The difficulties in obtaining high quality sections of many of the 
organisms chosen for analysis cannot be over emphasized. These 
organisms often combined lavish quantities of sand with a chitinous or 
refractory matrix. Crustacean gills, ova and eggs of all the animals, 
and crab sperm plugs would often not infiltrate with paraffin. Another 
source of frustration, especially with the shrimp, was that even after 
obtaining sections of acceptable quality, many important organs and 
tissues would be absent from the sections, passed over by the knife. 
Blocks of these animals had to be resectioned and restained - perhaps 
several times - until the plane of sectioning incorporated or 
intersected a desired organ. 
We found that the single most important factor in obtaining high 
quality sections was a sharp, well-honed steel knife. Because of the 
abrasive nature of the material from the OCS, it was also absolutely 
essential to have sharp knives in abundant quantity. The purchase of 
the "Temtool" microtome knife sharpener solved this problem. 
Plastic blocks. Glycol methacrylate blocks were sectioned on a 
standard rotary microtome using steel knives sharpened on the 
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"Temtool" knife sharpener. Sections were cut at 2-4 J.lm and stored in 
small boxes. 
Staining 
Paraffin sections. After paraffin sections had been fixed to 
glass slides with the aid of Haupt's gelatin fixative (without phenol; 
Humason 1972), they were dried and stained on the "Technicon". Slides 
from material collected on the first two cruises were stained with 
Harris' hematoxylin and eosin. However, it became evident that 
tissues stained with these solutions were overwhelmed with 
hematoxylin. Nuclei, AMP's (acid mucopolysaccharide), collagen, and 
many cytoplasmic elements were colored in shades of purple or blue 
making it difficult to evaluate a given section. We, therefore, 
developed a routine, automated staining procedure which differentially 
stained AMPs, nucleic acids, and the "proteinaceous" components of 
tissues. This procedure was predicated on the use of the basic dye, 
Astrablue, to stain AMPs (Bloom and Kelley 1960), Mayer's hematoxylin 
to stain nucleic acids, and eosin to stain proteins. This procedure 
(automated) is given below: 
I. Stains used in automated procedure. 
A. Mayer's hematoxylin 
B. Astrablue 
C. Eosin Y 
II. Composition of stock and working solutions. 
A. Mayer's hematoxylin. (recipe from "Manual of 
Histologic Staining Methods of the Armed Forces Institute of 
Pathology" - AFIP - 1968, p. 33) - working solution. 
Distilled water 
Ammonium or potassium alum 
Hematoxylin crystals 
Sodium iodate 
Citric acid 
Chloral hydrate 
1000.0 ml 
50.0 g 
1.0 g 
0.2 g 
1.0 g 
50.0 g 
Dissolve the alum in the water, without heat. When the alum 
has completely dissolved, add the hematoxylin and allow to 
dissolve completely. Then add the sodium iodate, citric acid, 
and the chloral hydrate, and shake or stir until all the 
components are in complete solution. The final color of the 
stain is reddish-violet. · 
B. Astrablue. (Astrablau FM; Chroma Gesellschaft, 
Stuttgart - Unterturkheim, purchased from Roboz Surgical 
Instrument Co., Inc., 810 18th Street, N.W., Washington, D.C. 
20006) - working solution. 
Astrablue 0.210 g 
Distilled water 1000 ml 
Glacial·acetic acid 3 ml 
Dissolve stain completely in water; then add 
acetic acid. 
c. Eosin Y. (C.I. #45380; recipe from AFIP, 1968, 
PP• 35-36). 
1. 1% stock. 
Eosin Y, water soluble 10.0 g 
Distilled water 200.0 ml 
Dissolve and add: 
Alcohol, 95% 800.0 ml 
2. Working Solution. 
Eosin stock 200.0 ml 
Distilled water 95 ml 
Alcohol, 95% 505 ml 
800 ml 
Just before use, add 0.5 ml of glacial acetic acid to each 
100 ml of stain and stir (for 800 ml = 4 ml acid). 
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The scheduling and timing of the automated "Technicon" was 
developed by Susan Fox, Laboratory Specialist. Her method 
follows: 
III. Schedule for "Technicon" 
A. Bottom Row: 
Beaker II Chemical Time (min.) 
1 Xylene 10 
2 Xylene 5 
3 100% ETOH 5 
4 95% 3 
5 70% 3 
6 Distilled Water 3 
7 Astra blue 7 
8 Tap water 2 
9 Distilled water 3 
10 Distilled water 3 
11 Mayer's hematoxylin 8 
12 Tap water 5 
B. Top Row: 
Beaker II Chemical Time (min.) 
1 0.2% NaBicarbonate 1 
2 Distilled water 5 
3 Distilled water 5 
4 Distilled water 5* 
5 Eosin 3 
6 95% ETOH 2 
7 95% ETOH 2 
8 100% ETOH 2 
9 100% ETOH 2 
10 Xylene 2 
11 Xylene 3 
12 Xylene store til covers lipped 
*Note: A 20-minute wash after Mayer's is recommended 
to prevent fading. 
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IV. Maintenance of solutions. 
A. Water. Fresh water should be used each day. After 
each rack of slides, change the water beakers immediately 
following Astrablue and Mayer's Hematoxylin stains. 
B. Alcohols. Fresh alcohol should be used each day. 
Watch first beaker of 100% ETOH for xylene contamination; xylene 
may carry over to 95% ETOH if 100% ETOH becomes saturated. 
C. Sodium bicarbonate. Make fresh daily. About 1.5 
grams per 750 ml of distilled water. 
D. Stains. Store Mayer's Hematoxylin and Astrablue 
in jars overnight to prevent evaporation. Periodically check 
acidity of Eosin. Reuse until unsatisfactory. Filter when 
necessary. 
The automated procedure presented above is easily set up and 
maintained. Tissues stained with this staining sequence are 
clearly and brilliantly colored in shades of azure blue (AMP's), 
purple (nucleic acids), and red (proteins). The various 
morphological components of organs and tissues are clearly 
defined. 
Glycol methacrylate sections. Glycol methacrylate (GMA) 
sections were stained with a variety of histological stains and 
histochemical substrates. Several of the stains used on GMA 
sections emphasized the histological aspects of cells and 
tissues; others emphasized cytological aspects. The 
histochemical procedures used on GMA sections included P.A.S. for 
vic-hydroxyl groups, acid-Feulgen-Schiff's for DNA; Astrablue for 
AMP's, alizarin Red S for calcium and acid ferrocyanide for iron 
(Fe+3) (cf. Pearse 1968 or Lillie 1965). 
The stain found most useful in routine histological 
examination of GMA sections was a two-step staining procedure 
employing acid fuchsin and toluidine blue 0. This procedure is 
presented below. 
I. Stains employed. 
A. Acid fuchsin 
B. Toluidine blue 0 
II. Composition of stock solutions. 
A. Acid fuchsin 
200 ml water 
100 mg acid fuchsin 
20 drops (0.3 ml) glacial acetic acid 
B. Toluidine blue 0 
200 ml water 
100 mg toluidine blue 0 
20 drops (0.3 ml) glacial acetic acid 
III. Working solutions. 
A. Add 30 ml water to 10 ml stock solution B. 
B. Add 25 ml stock solution A to 5 ml stock 
solution B. Mix; filter. Working solution B 
is ready for use. When not in use keep tightly 
covered and free of airborne particulate 
matter. 
IV. Staining procedure. 
A. Stain sections in working solution A for 5 
minutes. 
B. Wash in several changes of distilled water. 
C. Place section directly in working solution B; 
stain for 25 minutes. 
D. Wash in several changes distilled water. If 
desired, sections.can be destained in distilled 
water. 
E. Rapidly air dry in air jet. 
F. Coverslip 
V. Results. Cytoplasmic and extracellular connective 
tissue elements are stained in shades of red, nuclei in shades of 
blue or blue purple. Acid mucopolysaccharides are generally 
stained metachromatically in shades of red or red-purple. This 
stain is extremely useful for studying the histological 
relationships of cells and tissues. The stain found most 
appropriate for both cytological and photographic work with GMA 
sections was a two-step staining procedure employing direct 
bordeaux BN (C.I. 22155) and toluidine blue o. This staining 
procedure is presented below. 
I. Stains employed. 
A. Direct bordeaux BN (C.I.B.A.; C.I. 22155) 
B. Toluidine blue 0 
II. Composition of working solutions. 
A. Direct bordeaux BN. 
50 ml methanol 
10 drops glacial acetic acid 
(approximately 0.2 ml) 
80 mg direct bordeaux BN 
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B. Differentiating solution. 
50 ml methanol 
10 drops glacial acetic acid 
C. Toluidine blue 0 
50 ml water 
15 mg toluidine blue 0 
3 drops glacial acetic acid 
III. Staining procedure. 
A. Slides with attached GMA sections (preferably 
2-3 ~m in thickness) are immersed in 
solution A for 10-20 minutes. 
B. Slides are transferred directly to 
differentiating solution B and kept in 
this solution until the GMA matrix is 
completely destained. 
C. Slides are washed in distilled water. 
D. Slides are next placed in solution ~ for 5-10 
minutes. 
E. Slides are washed briefly in several changes 
of distilled water. 
F. Sections are now rapidly air dried with an air 
jet or equivalent and coverslipped. 
IV. Results. Nuclei, cytoplasmic elements, and 
extracellular connective tissue fibers and fibrils are densely 
colored in shades of red, purple, and blue. This staining 
procedure is unparalleled for use in photographic work. 
Preparation of Photomicrographs 
Photomicrographs of a number of anatomical systems and symbionts 
from the the twelve benthic invertebrates under study were prepared. 
The Anatomical Systems 
Elements of five major anatomical units were photographed. These 
units included (1) the gills or branchial system; (2) the excretory 
system; (3) the digestive system; (4) the reproductive system; and (5) 
the integumentary system. 
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The Optical System and Camera 
A standard table model Zeiss microscope was employed, in 
combination with four objective and two eyepiece lenses, to project an 
image into a Leitz "Aristophot" bellows camera with 4 x 5" back. The 
lens specifications were as follows: objective lenses, 2.5x, 
planachromat, N.A. 0.08; lOx, planachromat, N.A. 0.22; 25x, 
planapochromat, N.A. 0.65; 63x, planapochromat, N.A. 1.4. Eyepiece 
projection lenses, 63 rom (4x) Kpl; lOx Kpl. 
The Film 
Kodak plus- X, panchromatic (A.S.A.=l25) 4 x 5", professional 
film was used. Negatives were developed in HC - 110 (dilut'ion B) and 
fixed in Kodak fixer. 
Storage of Slides and Data Recording 
Storage of Slides 
Slides prepared from paraffin blocks were labelled with the 
sample number and subnumber, genus, and species of the sample, the 
date, and the stains employed to stain the tissues on the slide. 
Slides were stored in slide storage files in numerical order. 
Data Recording 
Field data. As indicated above, basic field data pertaining 
specifically to the histopathology effort were entered aboard ship on 
histopathology field forms. This information was incorporated into 
sample headers (Table 12-1) which provided identification for 
information developed during tissue examination. 
Laboratory Data 
Data generated during examination of stained sections were 
entered on data reporting forms designed in this laboratory. The 
format employed and information recorded is shown in Table 12-2. This 
data reporting scheme is easy to use and interpret. It can be used 
not only as a means to store histological or histopathological 
information but also as a worksheet from which data can be easily 
abstracted, or entered, at the work bench. Each major data category 
is announced by an easily recognized alphabetized code letter or 
letters allowing one to rapidly scan and evaluate computer printouts. 
This reporting format is open-ended in the sense that it assumes 
nothing about the physiological state of an organism and that details 
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Table 12-1. Histopathology sample header format. 
Card Column 
1-6 
7-11 
12-16 
17-21 
22-31 
32-36 
56-61 
63-65 
73-74 
75-77 
Information 
Trawl (type) 
Specimen no. (~slide no.) 
Specimen subnumber 
Tissue type 
VIMS ten-digit identification code 
Size (mm) 
Station date 
Station time (GMT) 
Station no. 
Sample no. 
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Table 12-2. Histopathological Data Reporting F0rmat. 
Card Column Information 
1-3 BLM cruise designation (OlB, 02W, etc.) 
4-8 Station and sample number 
9-14 Specimen number 
15-16 Specimen subnumber 
17 Fixative - coded; 1 = Dietrich's 
18 Type embedment - coded; 1 = paraffin 
19 Stains - coded; 1 = Harris hematoxylin-eosin; 
20 
(21-28) 
21 
22 
23 
24 
25 
26 
2 = Astrablue, Mayer's hematoxylin, 
eosin 
Sex of animal; M = male, F = female, H = hermaphro-
dite, X = unknown 
Degree of gonadal maturation: 
Early or primordial or stage 1 gonad, no primary 
gonocytes, ~ = none, 1 = present 
Stage 2 gonad; presence of primary gonocytes, 
oocytes previtellogenic, ~ = none, 1 = present 
Stage 3 gonad; male gonad post-meiotic, sperm 
present; female gonad, ova vitellogenic or 
postvitellogenic; ~ = none, 1 = present, 
2 = postvitellogenic ova only 
Relative abundance of stage 3 cells; ~ = none, 
1 = very few, 2 = moderate numbers, 3 = many 
Stage 4 gonad; gonads appear "spawned out" or 
resting. ~ = none, 1 = probably stage 4 gonad 
but could be confused with stage 1, 2, or early 3, 
2 = most definitely stage 4 gonad, 3 = only a 
portion of gonad in what appears to be stage 4, 
4 = stage 4 gonad portions of which have been 
invaded by blood cells (amebocytes) or appear 
atrophied. 
"Mixed" gonad; stages 1, 2, or 3 and 4, 
~ = none, 1 = present 
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Table 12-2. (continued) 
Card Column Information 
27 Presence of spermatophores; ~ = none, 1 = present 
28 Presence of embryos (2 n); ~=none, 1 = early 
embryo, less than 5 nuclei in a given cross-
section, 2 = late embryo 
(29-47) Parasites - (symbionts) - commensals) 
29-32 Easily recognized 4 letter abbreviation announcing 
a given symbiont; i.e., XKNN =unknown, MICR = 
prokaryotic organisms, FUNG = fungus, mold, 
ALGA = algae, DINO = dinoflagellates, TREM = 
trematode, CEST = cestode, NEMA = nematode, 
ACAN = acanthocephalan, CRUS = crustacean, etc. 
33-34 A simple 2 space number-letter reference code 
(AA, AB, -- lA, lB, -- 1,1,1,2---) which will 
direct one to a detailed description of or 
reference to the symbiont announced directly 
above in an appendicized computer print-out. 
35 Nature of symbiont; 1 = parasitic; 2 = commensal; 
3 = commensal, but large numbers or size may 
indicate physiological impairment of host; 
36 
37 
38-39 
40 
4 = symbiont dead. 
Relative numbers of symbiont; 1 = few; 2 = moderate 
numbers; 3 = many 
Ecto- or endosymbiont; 1 = ecto-; 2 = endo-; 
3 = both 
Site of infestation; 01 = muscle, 02 = gill, 
03 = kidney, kidney-like organ, 04 = gonad, 
OS = digestive diverticula, 06 = stomach, 
07 = intestine, 08 = connective tissues, 
09 = blood cells, 10 = test, exoskeleton, 
11 = gonad and gills, 12 = variety of tissues, 
13 = heart. 
Extra- or intracellular; 1 = intra-, 2 = extra-, 
3 = both, 4 = cannot determine 
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Table 12-2. (concluded) 
Card Column Information 
41-44 4 letter abbreviation announcing the response of 
host to symbiont: NONE, FIBR = fibrosis, 
INFL = infiltration by blood cells, LEUC = 
leucocytosis, INFM = inflammation, MELZ = 
melanization, MELC = melanized cyst, MELS = 
small melanized spot or focus, ENCP = encapsula-
tion; DEGN = obvious degenerative change, 
PHAG =phagocytosis, HYPT =hypertrophy, HYPL = 
hyperplasia, etc. 
45-46 Simple 2 space number-letter reference code 
relating to a detailed description in appendicized 
computer print out. 
47 Degree host response to symbiont; ¢ = none, 
1 = slight, 2 = moderate, 3 = severe. 
(48-58 Lesions ~ not obviously related to presence of 
symbionts) 
48 Type lesion; 0 = none, 1 = local, 2 = systemic 
49-50 Lesion site - same code as Columns 38-39. 
51-54 4 letter abbreviation announcing response of 
animal to lesion - same code as Columns 41-44. 
55-56 Simple 2 space number-letter reference code 
relating to a detailed description in appendicized 
computer print out. 
57 
58 
59-
Degree of response; 1 = slight, 2 = moderate, 
3 = severe. 
Numbers of lesions; 1 = few, 2 = moderate numbers, 
3 = many. 
OPEN 
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concerning the nature of a symbiont or lesion may be incorporated into 
the data base as they are encountered or identified. One is not 
expected to know the identity or range of symbiont or lesion types 
that may occur in a given animal. Lastly, this format allows the 
investigator to incorporate detailed information on a given organism, 
symbiont, or lesion in an appendix. 
With regard to details on gonads and gonadal maturation, an 
attempt has been made to make the reporting of the details of the 
degree of gonadal maturation as simple and straightforward as possible 
and yet leave room for interpretation. This format does not require 
that one identify or quantitate all stages of gamete maturation nor 
compute mitotic or meiotic indices. An approach of this nature would 
be not only time consuming but also, considering the nature of the 
sampling scheme, quite redundant. This scheme only requires an honest 
evaluation of gonadal histology; it is not necessary to know the 
entire gonadal cycle of an organism before applying it. 
RESULTS 
The results have been divided into six major sections, each 
section corresponding to a major phylogenetic group, i.e., shrimp, 
crabs, and so forth. In each section, details pertaining to the life 
history and distribution, gonadal cycles, and histology of major 
organs and symbionts of twelve marine benthic invertebrates from the 
OCS study area will be presented. 
The tissues, organs, and parasites portrayed below are deemed 
representative of the normal or baseline condition of the twelve 
organisms collected in the OCS study areas. The author makes no 
pretensions as to the completeness or sophistication of this work; 
whole organs and organ systems have been omitted or dismissed with a 
single photograph. The neuro-muscular and neuro-endocrine systems in 
particular have received little attention. The anatomical units 
described below were those structures which (1) could be easily 
sampled under shipboard conditions and (2) were obvious or abundant in 
standard histological preparations. An effort has been made to avoid 
redundancy: if a given structure was common to, or similar in, a 
number of related species, this structure was introduced and portrayed 
only once - unless that structure contained a symbiont or lesion. 
Crustacea: The Shrimp 
Three shrimp were studied: 
Dichelopandalus leptocerus (Pandalidae) 
Crangon septemspinosa (Crangonidae) 
Pontophilus brevirostris (Crangonidae). 
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These shrimp were fundamentally similar: they were all carideans, and 
aside from some minor morphological differences they closely resembled 
one another anatomically. These shrimp did, however, differ markedly 
with respect to their distribution, size, life span, and gonadal 
cycles. 
Dichelopandalus leptocerus is a relatively large, long-lived 
shrimp which is widely distributed on the continental shelf and slope; 
it spawns or extrudes eggs during the colder months of the year (see 
below for details). Crangon septemspinosa is a small shrimp which is 
restricted to the shallower portions of the continental shelf. 
Spawning does not appear to be restricted to any particular season. 
Pontophilus brevirostris is a small shrimp which inhabits the deeper 
portions of the shelf and slope and appears to extrude eggs during the 
warmer months of the year. In the paragraphs which immediately 
follow, the distribution, life history, and gonadal cycles of these 
shrimp will be portrayed in more detail. 
Dichelopandalus leptocerus (Natantia, Caridea, Pandalidae) 
The pandalid shrimp, D. leptocerus, has a moderately wide 
distribution, having been reported as far north as Canada and as far 
south as New Jersey (Smith 1881; Rathbun 1905, 1929; Scattergood 1952; 
Wigley 1960; Couture and Trudel 1968). D. leptocerus would appear to 
be a somewhat atypical pandalid in that it is not restricted to cold, 
deep water and is not a protandric hermaphrodite. Both Rathbun (1905) 
and Wigley (1960) reported that this shrimp ranged widely in depth in 
waters off New England (Rathbun: 12.6-774 m; Wigley: 36-342 m). 
Wigley also indicated that D. leptocerus was not stenothermic, having 
been taken from both cold (S°C) and warm (19.4°C) water. Scattergood 
(1952), on the basis of length-frequency data for both male and female 
D. leptocerus taken off the Maine coast, surmised that this shrimp was 
probably not hermaphroditic. The data presented below confirm these 
observations. 
Analyses of populations of Dichelopandalus bonnieri, the European 
variant of D. leptocerus, indicate that D. bonnieri is dioecious (Pike 
1952), that-is, not protandric, extrudes-its eggs during the colder 
part of the year, and has 3 year classes (Al-Adhub and Bowers 1977). 
Many of the observations on Dichelopandalus presented above have 
already been confirmed for populations of these shrimp in the OCS 
study area (Ruddell 1977). Recent data obtained since that time 
confirm and strengthen these observations. The material presented 
below will attempt to summarize the results of our studies to date. 
Distribution and length-frequency data. Dichelopandalus 
leptocerus was taken at all the benthic trawl stations in waters 
ranging in depth from 26 - 400 m. Temperatures in these waters ranged 
from 6-15.5°C. Distribution and length-frequency data (Table 12-3) 
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Table 12-Ja. Length-frequency data, location and season, for Dichelopandalus leptocerus. For convenience 
Total 
length 
in 5mm 
intervals 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
105 
in presentation and interpretation data in this table, and the two which follow, have been 
grouped according to the 3 habitats referred to in the text. The data in this table represent 
lengths of shrimp taken at the shelf over-wintering stations. The column headings for Season 
denote season and year. Many of the F(75) and W(76) shrimp were taken from collections made by 
Kraeuter as a part of the BLM study. 
Stations 
Season F(75) W(76) Sp(76) 
2 5 
6 1 6 
23 6 8 
4li 18 
38 56 
24 46 
10 7 4 
3 2 
1 
D1, N3, B1 
Su(76) F(76) 
11 
1 17 
3 7 
8 2 
3 
1 
1 
W(77) 
1 
12 
18 
7 
2 
Sp(77) 
4 
21 
35 
19 
6 
3 
1 
Su(77) 
2 
5 
14 
9 
4 
1 
3 
4 
3 
Table 12-3b. Length-frequency data for D. leptocerus taken at the .. warm-weather .. shelf stations (see text) • 
Many of the F(75) shrimp were taken from collections made by Kraeuter. 
Total 
length Stations C2, El, Fl, Il, Al 
in Smm 
intervals Season F(75) W(76)1 Sp(76) Su(76) F(76) W(77) Sp(77) Su(77)2 
20 1 1 
25 10 6 
30 51 3 12 
35 82 5 3 9 16 
40 25 3 2 1 19 
45 17 1 14 9 8 10 10 
so 7 5 7 4 4 26 12 
55 1 2 1 1 1 29 3 
60 2 11 1 
65 3 5 
I-' 70 6 N 
I 75 1 I-' 
"" 80 1 
85 
90 
95 
100 
105 
!No shrimp captured in these areas during winter. 
2shrimp were taken at C2 for the first time during the summer trawl cruise of 1977. 
Table 12-3c. Length-frequency data for D. leptocerus taken at Jl, the deep water slope station. 
length Stations Jl 
in Smm 
intervals Season F(75) W(76)1 Sp(76) Su(76) F(76) W(77) Sp(77)2 Su(77) 
20 
25 
30 
35 
40 
45 
50 2 1 2 
55 3 2 
60 6 5 1 
65 4 1 1 2 
i-1 70 8 2 4 4 
I'V 75 7 2 3 1 3 J 
I'V 80 9 1 3 4 1 0 
85 4 3 1 3 3 
90 5 2 3 9 
95 2 1 2 
100 1 2 5 
105 2 1 
110 
!otter trawl lost at Jl, no shrimp taken. 
2No shrimp caught. 
indicated that Q• leptocerus was migratory, lived for approximately 2 
years, and that young shrimp were concentrated on the continental 
shelf and older shrimp in the deeper waters of the continental slope. 
This data was further interpreted to mean that during the warmer 
months of the year smaller shrimp, including newly hatched and late 
0-year and early 1-year shrimp, range widely over the continental 
shelf. With the approach of cold weather, 0-year shrimp congregate in 
the shallower portions of the shelf (i.e., stations D1, N3, and B1; 
depths < 65 but > 26m) where they over-winter and spawn (see below). 
With the advent of warmer weather, the shrimp, which are approximately 
one-year old, leave the over-wintering areas and begin to migrate 
toward the deeper waters of the continental slope. Having arrived in 
slope waters, D. leptocerus spawns once again and then presumably 
dies. 
Therefore, ~· leptocerus, during its lifetime, may live in three 
different habitats; these habitats are broadly defined as (1) shallow 
water overwintering areas, (i.e., D1, N3, and B1); (2) waters which 
are not used as spawning areas in which shrimp are found during the 
warmer months of the year (C2, E1, F1, 11, and A1); and (3) the waters 
of the continental slope. It should be noted that the data presented 
in Table 12-3 have been grouped according to these three habitats. 
Gonads and gonadal maturation. The gonads of Q• leptocerus were 
categorized with respect to sex, degree of sexual maturation (see 
below for a histological definition of the criteria employed in 
defining degree of sexual maturation), and the presence of eggs. Our 
data suggested that (1) D. leptocerus spawns during the colder months 
of the year (see Ruddell-1977); (2) D. leptocerus, like the other 
shrimp in this study, can have more than one brood per year; (3) in 
the winter months both mid-shelf and slope populations of D. 
leptocerus extruded eggs; (4) females outnumber males by a-ratio of 
1.83:1 (n=557) on the shelf and by a ratio of 4:1 on the slope (J1; 
n=76). The difference between the relative numbers of males and 
females on shelf and slope stations was found to be statistically 
significant: when the numbers of males and females on shelf and slope 
stations were compared by means of a Chi-square test, the null 
hypothesis that the proportion of males to females was the same for 
both areas was rejected at the 1% level. The reason for the 
relatively greater numbers of females at J1 is not known.. Lastly, (5) 
females were observed to be approximately the same size as males: at 
the end of their first year of life, females were found to attain a 
mean length of 49.6 mm (n=148, s=5.8) and males 48.3 mm (n=85, s=4.1). 
Measurements of the shrimp taken at J1 indicated that the 1+ and 2 
year female shrimp were approximately 6 mm larger than the males: 
average length of females: 81 mm (n=61, s=14.1), males: 75.0 (n=15, 
s=12.7). However, one must not attach too much significance to these 
figures because of the rather small sample size for male shrimp taken 
at J1. 
Crangon septemspinosa (Natantia, Caridea, Crangonidae) 
The sand shrimp, C. septemspinosa, is a common inhabitant of 
estuaries and nearshore waters from Newfoundland to eastern Florida 
(Squires 1965; Williams 1965). The obvious importance of C. 
septemspinosa in the trophic spectrum has prompted numerous studies on 
the growth, feeding, and physiology of this shrimp (cf. Haefner '1976, 
for references). --
Distribution and length-frequency data. ~· septemspinosa was 
found at all stations except J1 (Table 12-4). However, the deeper 
water stations F1, A1, and 11 were evidently marginal for the sand 
shrimp as (1) few shrimp were taken from these areas, and (2) those 
shrimp that were captured in these areas were restricted in size to 
21-35 mm in length (Tables 12-4 and 12-5). 
Gonads and gonadal maturation. Histological studies of the 
gonads of the sand shrimp showed that (1) this shrimp had an extended 
spawning season. Eggbearing females were observed during all seasons. 
(2) Like the other caridean shrimp from the OCS currently under study, 
~· septemspinosa had more than one brood per year. Haefner (1972) 
suggested on the basis of length-frequency data that ~· septemspinosa 
may bear more than one brood per year. (3) The ratio of male to 
female shrimp varied according to season. During the first study year 
(fall 1975 - summer 1976) males were relatively more abundant during 
the winter (Ruddell 1977); during the second year males were 
relatively more abundant during the fall (%males: fall (1976), 66; 
winter (1977), 31; spring (1977), 29). (4) Female shrimp were 
approximately 11% larger than males; the average length for all female 
shrimp was 30.6 mm (s=6.9); the average length for males, 27.0 mm 
(s=5.4). 
Pontophilus brevirostris (Natantia, Caridea, Crangonidae) 
Pontophilus brevirostris is a deep-water shrimp closely related 
to Crangon. Virtually nothing is known about this shrimp. 
Distribution and length-frequency data. This shrimp was 
collected at stations F1, 11, A1, and J1 in waters deeper than 80 m 
(only three shrimp were collected at 11; shrimp were collected at J1 
on one occasion only the winter of 1976). 
Gonads and gonadal maturation. Histological examination of the 
gonads of P. brevirostris permitted the following conclusions: (1) the 
shrimp had-multiple broods; (2) females extruded eggs during the 
spring and summer; (3) females were slightly larger than males (Table 
12-6); the average length for female shrimp was 28.1 mm (s=5.0) and 
males, 24 mm (s=3.9). (4) Females greatly outnumbered males. The 
overall male: female ratio was 1:6.1. 
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Table 12-4. Length-frequency distribution of Crangon septemspinosa by station. Stations are arranged by 
depth, C2 being the shallowest station. Data was taken over a two-year period, representing 8 
cruises. 
Length in 5mm Stations 
intervals C2 D1 N3 B1 E1 Il F1 
11 - 15 2 
16 - 20 5 12 12 1 5 
21 - 25 11 11 5 15 12 3 2 
26 - 30 14 5 29 5 12 7 3 
31 - 35 19 10 16 13 3 2 3 
36 - 40 7 10 3 3 
41 - 45 1 4 
46 - 50 2 
Table 12-5. Length-frequency distribution of Crangon septemspinosa by season - all areas. The column 
headings under seasons denote season and year. 
Length in 5 mm 
intervals 
11 - 15 
16 - 20 
21 - 25 
26 - 30 
31 - 35 
36 - 40 
41 - 45 
46 - 50 
F(75) 
1 
W(76) 
7 
8 
9 
15 
6 
3 
Seasons 
Sp(76) Su(76) 
2 
11 4 
7 10 
8 20 
6 2 
1 
F(76) W(77) Sp(77) 
6 2 
12 14 
11 9 17 
4 26 21 
1 14 18 
4 3 
A1 
2 
Su(77) 
1 
7 
6 
7 
9 
4 
2 
Table 12-6. Length-frequency distribution of female and male 
Pontophilus brevirostris, all stations. 
Length in Sex 
5 mm 
intervals Female Male 
16 - 20 6 3 
21 - 25 21 6 
26 - 30 35 6 
31 - 35 25 
36 - 40 5 
Histology 
The histology of the caridean shrimp has not been extensively 
studied. Without doubt, the best general treatment of caridean 
anatomy and histology is that of Patwardhan (1958) on the Indian river 
shrimp, Palaemon malcolmsonii. This work should be consulted if any 
questions about the general anatomical placement of organs and organ 
systems should arise. 
Grossly and with respect to the arrangement of various anatomical 
units, the three carideans are similar. The photomicrographs and line 
drawing presented in Figures 12-1a, b, 12-2, and 12-3 portray the 
disposition and relationships between most of the major organ systems 
in the cephalothorax of these shrimp. One should consult Patwardhan 
(1958) for additional details concerning the gross anatomy of these 
shrimp. The microanatomy and histology of selected portions of the 
digestive, reproductive, excretory, and respiratory systems will now 
be described. 
The digestive system or alimentary canal. It can be seen (Figure 
12-1) that the dominant feature or organ system of the cephalothorax 
of these shrimp is the digestive system or alimentary canal. The 
digestive system is comprised of a mouth, buccal cavity, esophagus, 
cardiac stomach, pyloric stomach, hepatopancreas, mid- and hind-gut. 
With the exception of the mid-gut and hepatopancreas, the digestive 
system is lined throughout by a thin layer of chitin. The mouth is 
located on the ventral surface of the shrimp anterior to the first 
maxilliped. There are a number of glandular structures (Figure 12-1) 
in the mouth area; these structures, which are also found in penaeid 
shrimp (Rigdon and Mensik 1976), stain strongly with Astrablue and 
PAS, thus indicating that these "glands" are rich in acid 
mucopolysaccharides. The function of these glands is not known. The 
mouth, or more correctly the bucal cavity, leads into the esophagus. 
The esophagus is a muscular structure characterized by a number of 
lateral folds and pouches (see Patwardhan 1958). The epithelium 
lining the esophagus is comprised of low columnar cells covered by 
chitin (Figure 12-4). The esophagus leads into the highly folded and 
complex cardiac stomach. The photomicrographs (Figures 12-1 and 12-5) 
which demonstrate the cardiac stomach belies the extent and complexity 
of this structure. In most mid-sagittal sections of shrimp the 
cardiac stomach is quite large, equaling if not exceeding in size the 
hepatopancreas; it is generally filled with debris and partially 
digested food. Histologically, the muscosa of the cardiac stomach is 
similar to that of the esophagus (Figure 12-5). The chitinous lining 
of the cardiac stomach is typically thrown up into numerous bristles 
or setae. The pyloric stomach (Figure 12-5) is relatively small but 
nonetheless complex (see Patwardhan 1958). In cross- or transverse 
sections of the shrimp (not shown), the pyloric stomach is X-shaped, 
and is internally divided or constricted into a small dorsal chamber 
and a larger ventral chamber. The pyloric stomach serves to filter 
and direct food and is a junction point for the entry of both the 
hepatopancreatic ducts and the mid-gut. The hepatopancreas (liver, 
digestive organ) is a massive organ occupying a considerable portion 
of the cephalothorax cavity. This organ, at least in other 
crustaceans, has been particularly well studied both from a 
physiological and morphological standpoint. The crustacean 
hepatopancreas would appear to be a multifunctional organ involved in 
1) the manufacture of digestive enzymes (Vonk 1960; Agrawal et al. 
1967; Brun and Wojtowicz 1976); 2) the storage and release of cations 
(McGee-Russell 1957; Vonk 1960; Djangmah and Grove 1970; Alikhan 1972; 
Becker et al. 1974); 3) carbohydrate and lipid storage (Vonk 1960; 
Allen 1971; Kanazawa et al. 1976); and 4) detoxification (Fischer 
1928). Thus, the term "hepatopancreas" is probably well-deserved as 
it seems to fulfill many of the roles of the vertebrate liver and 
pancreas. 
The basic structure of the crustacean hepatopancreas was 
elucidated prior to 1910 (Pearson 1908). Work since then has been 
directed toward an understanding, in morphological terms, of how the 
various cell types in the hepatopancreas function on a cellular level 
(Jacobs 1928; Travis 1955; Bunt 1968; Stanier et al. 1968; Loizzi 
1971; Schultz 1976). The histology of the gland varies little from 
class to class: morphologically the isopod hepatopancreas resembles 
that of the decapods. The hepatopancreas of the caridean shrimp, like 
other crustacea, is a tubular gland; that is, the parenchyma of this 
gland is composed of a series of tubules. The caridean hepatopancreas 
is composed of three zones (Figure 12-1): 1) an outer, cortical or 
tubular zone; 2) a relatively open acellular medullary portion into 
which the lumena or canals of the cortical tubules empty; and 3) the 
hepatopancreatic ducts (not shown). The entire gland is surrounded by 
a thin, one cell layer-thick membrane consisting of widely-scattered 
fibrocytes and connective tissue fibrils. The cortical region of the 
gland is composed of a large number of very closely packed tubules 
surrounded by a very sparse stroma. In the light microscope each 
tubular element is seen to consist of at least three layers: 1) an 
outer coat of anastomosing myoepithelial cells; 2) a middle, acellular 
basement membrane; and 3) a layer of epithelial cells (Figure 12-6). 
In addition to these layers, each tubule may also be encased by an 
outer layer of connective tissue cells resembling the outer 
hepatopancreatic membrane. However, it is very difficult in the light 
microscope to determine whether this layer is part of the surrounding 
stroma or whether these cells are an integral part of the tubular 
elements. The question is probably academic. In most preparations, 
including material embedded in both paraffin and GMA, the 
myoepithelial network surrounding the tubules is difficult to observe. 
The epithelial cells of the cortical tubules consist of four 
principal types: 1) a small to medium sized undifferentiated cell, 
rich in cytoplasmic RNA, located in the more distal portions of the 
tubules (Figure 12-6). This cell has been called a "basal or 
replacing" cell by Patwardhan (1958) and is certainly equivalent to 
the "E" cells or embryonic cell of the crayfish (Jacobs 1928; Loizzi 
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1971); 2) a medium-sized epithelial cell containing moderate amounts 
of cytoplasmic RNA and very small vacuoles. This cell may be 
equivalent to the "R" or absorbtive cells of Jacobs (1928) and Loizzi 
(1971); 3) a medium-sized basophilic cell containing a single, large 
supranuclear vacuole designated an "F" or fibrillar cell by Jacobs 
(1928); and 4) a very large cell containing an immense apical vacuole 
bound by a thin rim of cytoplasm. This cell is equivalent to the "B" 
or blister cells of Jacobs (1928). These c~lls are located in the 
more proximal portion of the medularly layer. The apical vacuoles of 
the "B" cells are shed in apocrine-fashion into the tubular lumina and 
appear in large numbers in the central cavity or cortical portion of 
the hepatopancreas. The functions of the "E" or embryonic cells and 
"B" or blister cells seem obvious. The "E" cells would seem to be 
embryonic cells, furnishing new cells to the tubular epithelium; the 
"B" cells, as suggested by Loizzi, are secretory cells. The function 
of the cells identified as "R" and "F" cells in these shrimp is not 
known. However, one should see Loizzi (1971) for possible roles for 
these cells. 
The mid-gut, as indicated above, arises from the pyloric stomach. 
The mid-gut (Figure 12-7) is not lined with chitin; it is the longest 
part of the digestive system and terminates in both caridean and 
penaeid shrimp at the level of the sixth abdominal segment (Patwardham 
1958; Rigdon and Mensik 1976). The wall of the mid-gut is comprised 
of an outer, connective tissue layer, several layers of muscle, a 
basement membrane, and finally columnar epithelial cells (see 
Patwardhan 1958). 
The hind-gut is almost never seen in sections prepared for 
histological examination and will not be described here. One should 
consult Patwardhan (1958) for details. 
The reproductive system. The gonads of Crustacea possess a 
number of morphological features which set them off from any of the 
major taxa: neither the gonoducts or sperm are flagellated; the sperm 
of the Crustacea have a curious spiny appearance; and the germinative 
and some supportive tissues of the primary and secondary gonoducts are 
arranged in an asymmetric fashion (see Patwardhan 1958; Ryan 1967a,b; 
Langreth 1969; and Hoffman 1972). Although much work has been devoted 
to describing and "cataloging", often in a very sophisticated fashion, 
the various maturational stages in crustacean gametogenesis, there is 
little information about the physiology of gametogenesis and the role 
of the non-germinative cells of the primary and secondary gonoduct. 
In most respects the morphology of gonoduct and the details of 
gametogenesis in the three caridean shrimp appear to be quite similar 
to other decapods. The account of the histology of the gonads of 
these shrimp should be supplemented by a review of the pertinent 
literature on caridean shrimp (Nath 1932; Patwardhan 1958; Hoffman 
1972) as well as other crustacea (a perusal of the following more 
current works will provide an excellent introduction into this field: 
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Cassidy 1966; Weitzmann 1966; Hinsch and Cone 1969; Langreth 1969; 
Wolfe 1971; Greenwood 1972; Laulier and Demensy 1974; Dhainant and 
Leersynder 1976). In addition to the material and references 
presented in this section, one should also refer to the material 
illustrating the histology of the crab gonad presented below. 
The three caridean shrimp studied are dioecious - the sexes are 
separate - and non-protandric. Male shrimp are generally smaller than 
females and the sexes can be easily differentiated on the basis of a 
number of morphological characters (see Meredith 1954; Patwardhan 
1958; Butler 1964). The male reproductive organs in the carideans 
(see Patwardhan 1958) consists of a pair of testes, a pair of vas 
deferentia, and seminal vesicles. The male genital aperture is 
located on the inner side of the last pair of walking legs and is 
covered by a flap. The female reproductive organs consist of paired 
ovaries and oviducts. The ovaries and testes occupy the same relative 
position in the cephalothorax (see Figure 12-1a and b). Both extend 
anteriorally to a point above the pyloric stomach and posteriorally to 
a point just anterior to the first abdominal segment. The ovary and 
testes are lobular structures. Both ovary and testis and the 
secondary ducts which collect and "process" mature sex products are 
encapsulated or bound by a thin membrane. The walls of the individual 
lobular elements of the gonads, as well as their collecting ducts, are 
comprised of the following layers: 1) a thin, exterior membrane; 2) 
an extremely tenuous layer of anastomosing striated muscle fibers; 3) 
a basement membrane layer; and, lastly, 4) a layer of what will be 
termed "supportive" cells. The supportive cells include all 
non-germinative cells of the primary and secondary (collecting) ducts 
of the gonad, excluding the two layers already described above. The 
supporting cells of the gonad vary greatly in form and dimension and 
perform a number of functions. In the ovary (Figure 12-8) these cells 
serve principally as nurse cells. In the testes, the supporting cells 
serve as nurse cells and the lining or endothelial cells of the 
various ducts that collect, transport, and package sperm into 
spermatophores. 
The primordial germ cells or gonocytes of the shrimp gonad are 
clustered in one or more "germinaria" or germinative bands which 
course throughout the length of the gonads. These bands are not 
spread evenly over the entire circumference of the gonadal tubules but 
are relegated to a small portion of the tubular surface. Thus, the 
germinal epithelium and the gonia! cells and gonocytes which arise 
from this epithelium are distributed asymmetrically around the tubular 
perimeter. The asymmetry of the testis is further enhanced by the 
presence in each lobular unit of a small collecting tubule which runs 
the length of each lobule. The tubular epithelium is formed from 
supporting cells. The collecting tubule serves to pass sperm 
manufactured in the testis to the vas deferens-where sperm are packed 
into spermatophores. The vas deferens in shrimp is, like the lobular 
units of the testes, asymmetric (Figure 12-9). The lumen of the vas 
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deferens is packed, in mature males with sperm and a frothy secretion 
produced by the supportive cells of the vas deferens (Figure 12-10). 
The various steps by which the primordial gonial cells transform 
into mature gametes will not be presented in detail. This has already 
been done quite adequately by other workers (Binford 1913; Fasten 
1918a, b, 1926; Harvey 1929; Suko 1954; Chiba and Honma 1972a, b; 
Laulier 1974). 
In practice, when interpreting slides as to the relative degree 
of sexual maturity of a given shrimp the following rather obvious 
"signature" stages in the gonad are looked for: in females, the 
presence of previtellogenic and vitellogenic oocytes; in males, the 
stellate presynaptic stages of primary spermatocytes (Figure 12-11) 
and the presence of sperm in the lobules of the testis and vas 
deferens. The presence or absence of these stages in a given shrimp 
is translated into a number of maturational stages or equivalents 
beginning with, 
stage 1: 
stage 2: 
stage 3: 
stage 4: 
early gonad, no primary or secondary gonocytes; 
moderately advanced gonad. In female oocytes 
previtellogenic; in males primary spermatocytes 
present; 
ripe or mature gonad. In female ova vitellogenic or 
post vitellogenic. In male sperm present. 
spawned out, or involuted gonad. 
This grading system is extremely easy to use and is easily 
computerized. The same grading system has been employed, in fact, in 
the study of all the invertebrates taken from the OCS. 
It should be remarked that it is quite common to find an 
admixture of the various stages in the gonads of the OCS 
invertebrates. This is particularly true for the crustacea. The 
gonads of female shrimp may contain large numbers of both stage 2 and 
3 ova with little or no overlap in the size-frequencies of the ova. 
Similarly, egg-bearing female shrimp may have ovaries packed with 
stage 2 or 3 ova. The crab testis shows the mixing of maturational 
stages to the greatest degree. Sections of a given crab testis may 
often show all four maturational stages simultaneously (see Cronin 
1947). These findings are interpreted to mean that successive waves 
of gametogenic activity may occur in these animals and that they may 
spawn or extrude eggs on a number of occasions (see Christiansen and 
Scelzo 1971). 
The excretory system - the antennal gland. The application of 
the term "excretory" to include the assemblage of tubes, tubules, and 
sacks comprising or arising from the decapod antennal gland (green 
gland, kidney) may well be inaccurate. Although many authors have 
indicated that portions of the antennal gland can function in ways 
reminiscent of the vertebrate nephric unit (Maluf 1941a, b; Dehnel and 
Stone 1964; Kummel 1964a, b; Gross and Capen 1966; Kirschner 1967; 
Schmidt-Nielsen et al. 1968; Binns 1969; Peterson and Loizzi 1974a; 
Riegel et al. 1974) , it is by no means certain that the primary 
function of this gland and its branches is that of excretion or ionic 
regulation or that all branches of the antennal gland function equally 
in this respect. 
The decapod antennal gland is an elaborate structure located, as 
the name would suggest, near the antennae. In the more primitive 
crustacea the antennal glands are quite simple and consist of a blind 
end-sac derived from mesodermal, coelomic elements (see Goodrich 1946, 
for a review of the phylogeny of the antennal gland), an excretory 
duct or canal of ectodermal origin, and an exit canal. In the 
decapods this simple arrangement becomes enormously complicated. 
First, the end-sac and excretory canal come to be in close proximity; 
the end-sac then sends branches into the matrix of the excretory 
canal. The fusion of end-sac and excretory canal tissues results in a 
placenta-like structure which is aptly termed the labyrinth (Figures 
12-12, 12-13; also see Figures 12-37, 12-38 below). Secondly, both 
the end-sac and primitive excretory canal may become partitioned. In 
the caridean shrimp and Cancer crabs, the lumen of the excretory canal 
- or renal tubule as it is sometimes called - is partitioned by 
invaginations arising from the wall of the renal tubule. Pearson 
(1908) has termed these invaginations trabeculae. Thirdly, a 
"bladder" (not derived from mesodermal elements) which communicates 
with the labyrinth and renal tubule gives rise to a number of sacks or 
secondary bladders which project backwards (Weldon 1889; Pearson 1908; 
Calman 1909; Patwardhan 1958; Parry 1955). These sacks are often 
extremely large and complex. A diagrammatic presentation of the 
antennal gland should illustrate many of these points (Figure 12-13). 
In these shrimp the sack or "secondary bladder" which is derived 
from the bladder (see above) extends posteriorly and covers the entire 
dorsal surface of the cardiac stomach; this sack continues posteriorly 
where it is in close contact with the gonads. The sack, variously 
termed the nephro-peritoneal sack, renal sack (Patwardhan 1958) or 
epigastric sack (Parry 1955), is, in the carideans, a thin membrane 
composed of flattened, epithelial cells. In the three shrimp that I 
have examined, the epigastric sack serves as a scaffold for 
hematopoietic tissue (Figure 12-4, 12-14). The hematopoietic tissue 
is clustered in small nodules over the exterior surface of the 
epigastric sack. Demal (1953) has also noted that the epigastric sack 
in Palaemon varians bears hematopoietic nodules. One should consult 
Demal for further details on the morphology of the epigastric sack and 
the hematopoietic nodules. 
As indicated above, the epigastric sack posteriorally comes into 
contact with gonadal tissue. The sack and its hematopoietic nodules 
and the germinative portion of the gonadal lobular units are so 
closely apposed that it often seems that the nodules are confluent 
with and are part of the gonadal wall (Figure 12-15). 
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The branchial system. The gills or branchiae of decapods consist 
of two major anatomical units: a stem (shaft, axis) and lateral 
branches which project from the gill stem (Calman 1909). The lateral 
gill branches constitute the primary respiratory surface of decapods. 
Two major types of lateral gill projections are recognized in 
decapods: 1) plate-like projections, and 2) tubular projections. 
Gills that bear plate-like projections are termed phyllobranchiate, 
those bearing tubular projections or filaments are called 
trichobranchiate. The caridean shrimp, brachyuran, and most anomuran 
decapods bear phyllobranch gills; the palinurid and astacurid decapods 
bear trichobranch gills. A third gill type which appears to be 
derived from the phyllobranchiate gill (Calman 1909; Patwardhan 1958) 
is found only in penaeid shrimp. This has been called a 
dendrobranchiate gill. In the dendrobranchiate gill the primary gill 
plates are further broken up into smaller filaments. 
In view of the obvious importance of the gills in decapods, there 
is a surprising dearth of information on the cellular constituents of 
these structures. The more important references to be considered in 
reviewing this field are those by Bernecker (1909), Drach (1930), Chen 
(1933), Smyth (1942), Flemister (1959), Copeland (1968), 
Strangeways-Dixon and Smith (1970), Fisher (1972), and Couch (1977). 
As indicated above, the gills of the caridean shrimp described 
herein are composed of a gill stem and plate-like lateral branches 
(Figures 12-3, 12-16) which henceforth will be termed lamellae. The 
lamellae are arranged serially in pairs along the gill stem. The gill 
stem provides support for the lamellae and serves as a pathway for the 
sinuses and vascular channels of the gill. Both gill stem and 
lamellae contain large numbers of blood cells. In the light 
microscope the gill epithelial cells have distinct fibrillar 
appearance suggesting that these cells may be myoepithelial cells. 
Drach (1930), Smyth (1942), and Flemister (1959) have noted similar 
fibrils in the lamellar epithelial cells of various decapods. The 
plate-like lamellae are relatively simple structures consisting of two 
closely apposed sheets of epithelial cells which are joined medially 
by a fusion of pillar-like processes that originate from the 
epithelial cells (Figures 12-17, 12-18). In addition to the 
epithelial cells which constitute the most obvious cellular structures 
of the gill lamellae, one can often observe attenuated elongate cells 
in the lamellar vascular spaces (Figures 12-17, 12-18). Neither the 
origin nor function of this cell is known. 
The epithelial cells of the gill lamellae continue into the gill 
stem. The stem contains two cell types not commonly met with in the 
gill lamellae, a basophilic granular cell, and a vacuolated connective 
tissue cell (Figure 12-19). The basophilic granular cell is a cell of 
moderate dimensions, measuring approximately 10-32 ~m in diameter, and 
often occurs in clusters. The granules of this cell, as evidenced by 
their reactions to PAS and Astrablue (see Methods) contain acid 
mucopolysaccharides. Nothing is known of their function. The 
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vacuolated cell which is again of moderate size ranging from 15 to 30 
~m in diameter often, but not always, contains a rather large vacuole; 
it is also typified by a number of large, poorly-staining inclusion 
bodies. This cell is undoubtedly the vacuolated "arthocyte", 
"branchial excretory cell", or "nephrocyte", mentioned by Cuenot 
(1893), Pearson (1908), Drach (1930), Lison (1942), and Flemister 
(1959). Cuenot (1895), Lison (1942), and Flemister (1959) have noted 
that these cells resemble the end-sac cells of the decapod antenna! 
gland. In this regard, recent ultrastructural studies of the gills of 
Palinuris argus (Strangeways-Dixon and Smith 1970) and a penaeid 
shrimp (Couch 1977) have shown that the gills of these decapods 
contain a curious connective tissue cell termed a "podocyte". The 
podocyte typically possesses a series of channels or slits which 
course over the surface of the cell. These cells resemble the 
pericardia! gland cells of insects (see Crossley 1972) and the pore 
cells of molluscans (Newman and Kerkut 1968; Ruddell and Wellings 
1971; Siminia 1972). The podocytes also bear a strong resemblance to 
the cells of the crayfish end-sac (Peterson and Loizzi 1974b). On the 
basis of these observations, it is suggested that 1) the vacuolated 
arthrocytes or nephrocytes of the decapod gill are similar 
functionally and morphologically to the end-sac cells of the decapod 
antenna! gland; that 2) these cells in molluscs and anthropods may 
have a specialized function associated with the filtration and 
excretion of soluble, high molecular weight compounds; and that, 3) 
decapod arthrocyte has an ancient lineage which links it 
phylogenetically to the molluscans. 
The section which follows will describe the symbionts associated 
with the shrimp and the responses evoked by these symbionts in the 
tissues of the shrimp. 
Symbionts associated with the shrimp. 
I. Gill ciliates. Gill ciliates were the most common 
symbiotic forms associated with the shrimp (Figure 12-20); up to 
100 percent of adult shrimp from a given area were infested. The 
ciliate associated with D. leptocerus was identified by Sawyer 
(National Marine Fisheries Lab., Oxford, Md., personal 
communication, 1976) as the apostome ciliate Synophrya 
hypertrophica, a parasitic ciliate which has been shown to cause 
hypertrophy and blackening of gill filaments in crabs and in a 
penaeid shrimp (Chatton and Lwoff 1935; Johnson and Bradbury 
1976). The ciliates infecting the other caridean shrimp were not 
identified although they were observed to resemble S. 
hypertrophica histologically (Figure 12-20). 
It was observed that the infestation of D. leptocerus with 
Synophrya hypertrophica resulted in the development of 
macroscopically-visible, melanotic cysts in the host's gill 
lamellae. Histological examination of several hundred 
cyst-bearing shrimp permitted the conclusion that the development 
of these cysts proceeded in precisely the same fashion as the 
development of cysts in other decapods infested with S. 
hypertrophica (Chatton and Lwoff 1935; Johnson and Bradbury 
1976). It was noted that cyst formation was initiated by the 
penetration of the gill lamella by ~· hypertrophica (Figure 
12-21). After the penetration of the lamella was accomplished, 
host cells adjacent to the parasite became melanized and quite 
degenerate- and senile-looking. These melanized cells served to 
wall-off the ciliate from the surrounding tissues (Figure 12-22). 
Having been thus walled-off and segregated from the host, the 
ciliates then divided and replicated themselves inside the 
cyst-like structure conveniently provided by the host (Figure 
12-23). Morphologically, with respect to the degree of 
involvement and size of cyst, there was a considerable degree of 
variation. The larger cysts were seen to contain very large 
numbers of ciliates (Figure 12-23) each with a distinct macro-
and micronucleus. The ciliates were morphologically unremarkable 
and measured 18-33 ~m in length. Ciliates similar in size and 
appearance were often seen attached to the gill lamellae of 
shrimp without melanotic cysts. 
The results of our work indicated that the incidence of 
melanized cysts or black spots in ~· leptocerus was very low in 
small, 0-year shrimp and incresed to a prevalence of 50-100 
percent in large 0-year and older shrimp. This observation 
indicated, as suggested by Apollonio and Dunton (1969) in 
describing the black spot disease syndrome of Pandalus borealis, 
that the incidence of infection may have been related to molting 
frequency. 
A number of other researchers have noted the presence of 
black spots on the gills of pandalids. Uzmann and Haynes (1968) 
noted black spots on the gills of ~· leptocerus taken from waters 
off southern Nova Scotia, New England, and Long Island. 
Infection rates varied between 52 and 96 percent. The authors 
ascribed the black spots to a fungus - a chytridlike phycomycete. 
Apollonio and Dunton (1969) found that populations of Pandalus 
borealis in the Gulf of Maine were infested with black spots; the 
infecting organism was believed to be the apostome ciliate 
Gymnodinioides. Rinaldo and Yevich (1974) examined very large 
numbers of P. borealis from the Gulf of Maine and Greenland and 
were apparently unable to confirm or find the etiological agent 
claimed by Apollonio and Dunton (1969). 
The gill ciliates of both C. septemspinosa and P. 
brevirostris did not appear to produce any obvious pathological 
reactions on the part of the host. However, it is quite possible 
that the large numbers of ciliates observed on some gills might 
cause physiological impairment of the host under stressful 
situations. 
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II. Sporangia of unknown affinity. During the winter and 
spring of 1977 several~· leptocerus taken from stations E1, I1, 
and J1 were found to have moderately large numbers of sporangia 
of uncertain affinity attached to their gills and exoskeleton 
(Figure 12-24). Sporangia were noted on 11 shrimp collected on 
the winter cruise of 1977 (one of six shrimp at Station E1 and 10 
of 20 shrimp at J1 bore sporangia) and on one shrimp (one of 31 
shrimp from I1) taken in the spring. 
The sporangia found on D. leptocerus were observed to be 
round-to-ovoid structures, approximately 18-25 ~m in diameter, 
which were attached to the substrate by means of a single, short 
acellular stalk and basal, disk-like holdfast. The sporangia 
contained small, 2-3 ~m-diameter spores. The sporangia appeared 
to be non-opperculate. The sporangia! wall was observed to stain 
with both PAS and Astrablue, thus indicating that the sporangia! 
wall contained acid mucopolysaccharides. The sporangia did not 
elicit any host reaction. 
III. Trematode metacercariae. Trematode metacercariae 
(Figure 12-25) were moderately common in shrimp. In C. 
septemspinosa and~· brevirostris, the parasitization rate with 
metacercariae was observed to be 2.8 percent and 0.8 percent 
respectively. In~· leptocerus the overall incidence of 
infection with metacercariae was found to be 6.2 percent. 
However, as shown in Table 12-7, the parasitization rate was 
found to be proportional to the size and age of the shrimp; for 
instance, shrimp ~ 40 mm in length were virtually free of 
metacercariae whereas 30 percent of shrimp > 70 mm in length 
contained metacercariae. 
Although the metacercariae occasionally evoked a mild 
inflammatory response on the part of the host they seemed to be 
well-tolerated and appeared to cause little distress. In some of 
the larger shrimp the metacercariae appear moribund. 
IV. Hemiarthus sp., a bopyrid isopod. A bopyrid isopod 
which we have provisionally identified as ~· abdominalis was 
found to parasitize the females of D. leptocerus from the OCS 
study area. H. abdominalis was only recovered from female shrimp 
taken during the winter and spring (see Allen 1966). Parasitized 
shrimp were taken at all stations except C1 and E1; the majority 
of parasitized shrimp ranged in length between 40 and 55 mm. The 
parasitization rate for female shrimp taken during the winter and 
spring was moderately high: 8.3 percent. Histologically, the 
gonads of D. leptocerus parasitized by H. abdominalis were 
observed to be either involuted, degenerate, or arrested; the 
gonads of the parasitized shrimp examined never developed beyond 
the second or previtellogenic oocyte stage. 
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Table 12-7. The relationship between the length of Dichelopandalus 
leptocerus and the parasitization or infection rate of 
shrimp with trematode metacercariae. 
Length of N, No. shrimp 
Shrimp in 10 mm Total No. of infected with Infection 
Intervals Shrimp metacercariae Rate 
1-10 0 0 0 
11-20 6 0 0 
21-30 77 1 1.3 
31-40 145 0 0 
41-50 184 11 6.0 
51-60 59 2 3.4 
61-70 36 3 8.3 
71-80 21 4 19.1 
81-90 23 8 34.8 
91-100 12 5 41.7 
101-110 4 1 25.0 
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V. Intracellular particles in the hepatopancreatic cells of 
D. leptocerus. The hepatopancreatic epithelial cells of four D. 
leptocerus (ranging in length between 47 and 69 mm) were found-to 
be infested with large numbers of small, DNA-positive, 
intracellular particles (Figure 12-26). These particles were 
observed to be approximately 2 ~m in diameter, consisting of a 
dense, DNA-positive central core surrounded by a lightly staining 
peripheral zone. These particles were reminiscent of the 
microsporidian-like bodies found in the tissues of the Cancer 
crabs (see below). Within a given epithelial cell, the particles 
were concentrated apically and were segregated from the general 
cytoplasmic matrix by a membrane. Cells infected with this 
organism were dramatically hypertrophied swelling up to five 
times their normal diameter (width). In the shrimp studied, the 
infection of the epithelial cells progressed to the point where 
virtually all the cells of the proximal hepatopancreatic tubules 
were filled with the organisms; the only non-infected cells 
remaining were the distally located "E" or embryonic cells, which 
appeared to be normal. Histologically, excepting the presence of 
a normal-looking striated (microvillar) border, the parasitized 
cells bore little resemblance to normal "R", "F", and "B" cells. 
It is evident from the histological description presented 
above that this organism, when present in large numbers, might 
well have a detrimental effect on the host, and that shrimp might 
succumb from an inability to digest food or store nutrients. It 
is certainly significant that the gonads of two of the infected 
shrimp were apparently involuted. 
VI. Gregarine sporozoans. Extremely long gregarines, 
exceeding, perhaps, 1/2 mm in length, were found in the mid-guts 
of several Dichelopandalus leptocerus (Figure 12-7). These 
gregarines were impossible to identify in histological 
preparations. They did not seem to harm the host in any way. 
Crustacea: The Cancer Crabs 
Cancer irroratus (Brachyura, Cancridae) 
The rock crab, c. irroratus is found in the Western Atlantic 
ranging from Labrador to South Carolina (Rathbun 1930; Rees 1963; 
Williams 1965; Wilder 1966). It is found in depths ranging from less 
than 1 m to 550 m. 
The distribution and abundance of rock crabs from the estuarine 
and ocean waters of the Middle Atlantic Bight has been studied by 
Musick and McEachran (1972), Shotton (1973), Terretta (1973), Haefner 
and Van Engle, (1975) and Haefner (1976). Their work indicates that 
in these waters the rock crab is eurythermal, euryhaline, and possibly 
migratory. It is also evident that the rock crab is widely 
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distributed with respect to depth. Musick and McEachran (1972) 
collected rock crabs from the Chesapeake Bight (9-274 m) in the fall 
and winter and observed concentrations of crabs at 9-37 m and 
111-274 m. Haefner (1976) examined crabs from the Norfolk canyon area 
and noted that rock crabs were most abundant at 40-60 m and 6-9.9°C. 
Distribution and length-frequency data. The rock crab was found 
at all benthic trawl stations and, in company with the shrimp 
Dichelopandalus leptocerus, appeared to be one of the few cosmopolites 
of the Middle Atlantic continental shelf area. The abundance and size 
of rock crabs, as estimated by the numbers of crabs collected by the 
histopathology section during eight cruises, was found to be 
correlated with depth, season, and sex of the crabs. 
Immature rock crabs, categorically defined on the basis of 
histological data as those crabs < 40 mm in length (see below), were 
found widely distributed over the-continental shelf (Table 12-8). 
Sexually mature female crabs were segregated to the shallower portions 
of the shelf areas with an apparent concentration of large females at 
Station Dl (31 min depth; see Tables 12-8 and 12-9). Mature female 
crabs were found throughout the year at Dl and outnumbered males at Dl 
approximately 2.3:1. Male crabs predominated at all stations except 
Dl (Table 12-8). During the spring and summer months the males ranged 
widely over the entire continental shelf area; one specimen was, in 
fact, taken at the slope station Jl. However, during the fall and 
winter, the larger males appeared to desert the deeper waters of the 
continental shelf (Table 12-8). These observations suggest that (1) 
populations of mature female and male rock crabs from the OCS study 
areas are effectively partitioned, at least for most of the year; (2) 
male crabs are migratory; and (3) Station Dl (and perhaps C2) serves 
as a spawning area for female rock crabs. This theme will be 
developed more fully below. These suggestions reinforce the 
hypothesis and observations of Shotton (1973), Terretta (1973), Garlo 
et al. (1974), and Haefner (1976) concerning the inshore-offshore 
migrations of the rock crab. Haefner's (1976) comments on the 
distribution and abundance of rock crabs in the Norfolk canyon area 
are especially relevant with respect to our observations. 
Haefner noted that, "Crabs 51-100 mm gradually increased 
in abundance with depth until, at > 150 m, they were the dominant 
group. In October 1971 this size group was dominant at most 
depths > 40 m. In June 1973 and October 1974, males of this size 
were significantly more abundant than females in depths > 40 m; 
females were predominant only in the 20-40 m in depth stratum. 
The absence inshore of males ~ 51 mm and their predominance at 
depths > 40 m in October and June suggests that the males move 
offshore in spring and return to coastal areas in late fall." 
Gonads and gonadal maturation. Histological examination of the 
gonads of the rock crab indicated that (1) female crabs may begin 
producing previtellogenic eggs at 22 mm in width and mature eggs at 45 
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Table 12-8. The numbers of immature and mature C. irroratus taken on 8 benthic trawl cruises arranged 
by season and station. The percentage of male to female crabs collected at a given 
station is also given. Immature crabs are defined as those crabs < 40 mm in width. The 
totals presented at the extreme right of the table indicate the grand total of all crabs, 
both immature and mature, for all seasons. 
Seasons Totals, all seasons 
Fall Winter SEring Summer No. 
Size; % o::t crabs ..:_40 >40 %a"' <40 >40 %if <40 >40 %d" <40 >40 %<Yt Crabs %d" 
Station and 
depth (meters): 
C2 (21) 3 13 10 53.8 4 9 45.5 1 4 100 44 58.6 
Dl (31) 13 7 28.6 10 7 42.9 7 33.3 9 33.3 53 30.0 
N3 
....... 
(46) 3 5 50.0 10 5 100 2 6 83.3 31 72.7 
N Bl (64) 6 13 100 4 50 2 8 77.8 33 68.8 ~ 
oo. El (66) 14 4 80 4 5 50 1 8 55.5 36 57.1 
Il (77) 5 66.7 3 3 3 100 14 88.9 
Fl (84) 5 2 2 50 2 7 100 2 6 75 26 86.7 
Al (90) 3 1 1 100 1 100 4 50 10 57.1 
Jl (400) 1 100 1 100 
Table 12-9. Length-frequency for female c. irroratus indicating the 
relationship between area (station) and size of crab. 
Width in Station 
10 mm 
intervals C2 Dl All other stations 
11 - 20 1 
21 - 30 3 
31 - 40 2 4 
41 - 50 2 4 
51 - 60 2 3 3 
61 - 70 5 1 3 
71 - 80 1 10 1 
81 - 90 3 3 
91 - 100 2 2 1 
101 - 110 
111 - 120 
121 - 130 1 
12"-".39_. 
mm. The smallest berried female recorded was 59 mm in width. (2) Male 
crabs may become sexually mature, as evidenced by the presence of 
sperm in the vas deferens, at 32 mm in width. 
Examination of length frequency-data (Table 12-10; also see Table 
12-8) indicates that the inshore stations C2 and D1 serve as spawning 
areas for the rock crab: 12 out of 13 crabs containing or bearing 
fully mature or fertilized eggs were taken from these stations; nine 
of 13 were taken from D1. This data also indicates that rock crabs 
spawn during the warmer months of the year. 
Lastly, it was noted that male crabs were larger than females 
(Table 12-11). This data suggested, further, that there may be two 
groups or year classes of mature males. In this regard, Haefner 
(1976) found that rock crabs could be placed "into two size groups, 8-
50 mm and 51-100 mm for both sexes. A third group includes crabs over 
100 mm carapace width." 
Cancer borealis (Brachyura, Cancridae) 
The jonah or northern crab, Cancer borealis, like its close 
relative C. irroratus, is a common inhabitant of the waters off the 
east coast of North America (MaFKaY 1943) and is found in waters 
ranging in depth from several meters to 750 m (Squires 1966). 
The distribution and abundance of jonah crabs appears to be 
determined by temperature and depth (Rathbun 1930; Jeffries 1966; 
Musick and McEachran 1972; Haefner 1977). Although jonah crabs may be 
found in the shore zone of more northern latitudes, they are 
concentrated in the deeper waters of the Middle Atlantic Bight. 
Musick and McEachran (1972) examined collections of jonah crabs taken 
from the southern waters of the Middle Atlantic Bight (36° OS' N - 38° 
43 1 N; 73° 28 1 W- 74° 50 1 W) during the fall and winter and found two 
major zones of abundance. The first zone extended from 166 - 274 m 
along the shelf edge throughout the collecting area; the second zone 
extended from 74 - 110 m at stations north of 37° N latitude. Jonah 
crabs were collected over a temperature range of 3-14°C, but the 
maximum number of crabs occurred at 9 - l1°C. Haefner (1976) examined 
collections of jonah crabs taken from the waters of the Middle 
Atlantic Bight over several seasons. He found that in the fall north 
of 39°N latitude crabs were most abundant at 61 - 80 m whereas south 
of 39°N crabs were most abundant at 160 - 260 m. In the spring jonah 
crabs were most abundant at 150 - 400 m. Maximum abundance of crabs 
taken in the fall was associated with the 10 - 13.9°C strata and with 
the 8 - 11.9°C strata in spring. 
Jeffries (1966) indicated that in Narragansett Bay, Rhode Island, 
jonah crabs exhibited a preference for rocky substrates while ~· 
irroratus seemed to prefer sandy bottoms. Musick and McEachran (1972) 
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Table 12-10. Length-frequency table indicating the relationship between gonadal maturity of female 
Cancer irroratus, size of crab, and area (station). Stage 2 gonad refers to a 
previtellogenic ovary, stage 3 (early) to an ovary in which one can observe both 
previtellogenic and vitellogenic ova, and stage 3 (late) to an ovary characterized by the 
presence of very large post-vitellogenic ova. The letters in the body of the table 
signify the stations at which the crabs were taken. Lower case letters indicate that the 
crabs were taken during the summer or fall, capitals underlined, winter, capitals not 
underlined, spring. 
Width in Gonadal Stage 
10 mm 
intervals Undifferentiated Stage 2 Stage 3 (early) Stage 3 (late) Berried F 
11- 20 b 
21 30 n i E 
31 - 40 c c b e E 
41 - 50 D D a E e E 
51 - 60 C D F n C D d 
---61 - 70 c c c c c B d 
71- 80 d B d D D c d D D d d 
81 - 90 d D f D 
91 - 100 d d c c 
101 110 
111 120 
121 - 130 a 
Table 12-11. Length-frequency distribution of Cancer irroratus by 
sex. Sex unknown indicates that the sex of a crab was 
not or could not be determined in the field and could 
not be determined histologically in the laboratory. 
Width in 
10 rom 
intervals 
1 - 10 
11 - 20 
21 - 30 
31 - 40 
41 - 50 
51 - 60 
61 - 70 
71 - 80 
81 - 90 
91 - 100 
101 - 110 
111 - 120 
121 - 130 
Sex Unknown 
37 
47 
14 
5 
4 
1 
1 
Sex 
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Female Male 
1 2 
3 4 
6 10 
6 9 
8 10 
9 5 
12 5 
5 9 
4 13 
11 
6 
1 1 
were unable to confirm substrate preference for crabs taken in the 
Chesapeake Bight. 
Distribution and length-frequency data. Jonah crabs were 
concentrated at stations El, Fl, Il, Al, and Jl; several specimens 
were also taken at Dl and Bl (Table 12-12). Length-frequency data 
(Table 12-13) suggested that there were at least two major size groups 
or year classes among mature (crabs ~ 40 mm in width; see below) male 
and female crabs. More data will be necessary, however, before these 
size groups can be accurately defined. Haefner (1977) recognized 
three principal "modal groups" in both male and female jonah crabs 
collected from the Norfolk canyon area during June, 1973: 13 - 40 mm; 
41 - 80 mm; 81 - 110 mm. Haefner also indicated that a fourth modal 
group for male crabs over 110 mm in width was evident. In general, 
the length-frequency data, in particular as it relates to the 
abundance of a given year class or modal group at a given station or 
season, is characterized by a haphazard arrangement of data points. 
To date, the only obvious patterns that have emerged from this data 
(Table 12-14) are the following: (1) mature crabs are found 
throughout the year at Jl, the deep water slope station; (2) mature 
crabs are rarely taken at the eight continental shelf and shelf break 
stations during the fall and winter; (3) the ratio of male to female 
crabs (see below) is not constant. This ratio varies with season and 
station. These patterns, taken as a whole, suggest that jonah crabs 
from the OCS study area are migratory. 
Gonads and gonadal maturation. Little can be offered at present 
concerning details pertaining to gonadal cycles in jonah crabs from 
the OCS study area. This much can be said: (1) male jonah crabs 
begin to mature when still quite small (Table 12-15); (2) spermbearing 
males have been collected during all seasons; (3) mature individuals 
of both sexes appear to fall into two size or modal groups (see 
above); (4) males are larger than females (Table 12-13). (5) Although 
males are, overall, more abundant than females (Table 12-13), it is 
evident that male-female ratios vary with season and station (Table 
12-13). This is virtually all that can be gleaned from the data at 
present; it still cannot be determined where or when jonah crabs 
spawn. In fact, we have recovered only one fully mature, post-
vitellogenic female and have captured no berried females. It is 
interesting to note that other workers have also been unsuccessful in 
capturing berried female jonah crabs from the waters of the the Middle 
Atlantic Bight. Musick and McEachran (1972) reported no berried 
females from their collections and Haefner (1977) only one. 
It is evident that a more ambitious sampling scheme will have to 
be implemented before the details of the gonadal cycle of jonah crabs 
from the Middle Atlantic Bight area can be fully elucidated. The 
current scheme is completely inadequate. 
(TEXT CONTINUES ON PAGE 12-49) 
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Table 12-12. Numbers of jonah crabs, Cancer borealis, taken at each benthic trawl station 
during eight cruises. Stations are arranged by depth. 
Station 
C2 D1 N3 Bl El Il Fl Al Jl 
Numbers of Crabs 0 5 0 6 26 22 34 26 60 
Table 12-13. Length-frequency distribution of Cancer borealis by sex. 
Sex unknown indicates that the sex of a crab was not or 
could not be determined in the field and could not be 
determined histologically in the laboratory. 
Width in Sex 
10 mm 
intervals 
1 - 10 
11 - 20 
21 - 30 
31 - 40 
41 - 50 
51 - 60 
61 - 70 
71 - 80 
81 - 90 
91 - 100 
101 - 110 
111 - 120 
121 - 130 
131 - 140 
141 - 150 
151 - 160 
161 - 170 
Sex Unknown 
4 
20 
36 
13 
6 
6 
2 
1 
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Female 
1 
2 
6 
4 
6 
3 
1 
3 
6 
4 
3 
Male 
1 
4 
3 
6 
10 
6 
3 
2 
2 
2 
2 
5 
5 
1 
Table 12cl4'!: Length-frequency data for Cancer borealis by station, sex, and season. The heading "X" 
indicates sex unknown. Letters in the body of the table refer to seasons, f, fall; 
w, winter; sp, spring; su, summer. 
Width""- Station 
in 10mm""- Dl Bl El Il 
Intervals"' Sex: X ~ cl' X .!?-
" 
X .<f. cl' X .!?- a' 
1-10 2f 
11-20 2f,2w lsp lsu 
21-30 1w,3sp lf 3sp lsp,lsu 
31-40 lw lsp lsu 
41-50 lsp lsu 1sp 
51-60 lsu lsu lsp 2f,2su 2f lf lsu 
61-70 lf lw 1su 
71-80 2su lw 
81-90 lsu lsu 
91-100 1s lsu 
101-110 lsu lf 
111-120 lsu lsu lf 
121~130 lw lsp lsu 2f lf 
131-140 lf,lsp,lsu 
141-150 
151-160 
161-170 lsu 
..... 
N 
l 
..,_. 
'-I 
Table 12-14. (Concluded) 
Width'\,_ 
in 10m~ 
Intervals""Sex: X 
1-10 2w 
11-20 8w,2sp 
21-30 5w,6sp,3su 
31-40 lw,lsp,lsu 
41-50 
51-60 
61-70 
71-80 
81-90 
91-100 
101-110 
111-120 
121-130 
131-140 
141-150 
151-160 
161-170 
Station 
Fl A1 
~ rJ! X 
2w, 3su 
2f,3w,5sp,2su 
lsu 
lsu 
lsu 
lsu 
lsu 
- ---- - ··--- '--------- -- -
Jl 
~ if X ~ c1 
lw lw 2w, lsp 
Ssp lf lw,lsu 
lsu 4sp lf,2w,lsp 2w,4sp 
3su 2w,lsp lsu 2su 
2w 4f,lw,lsu lf ,2w 
lf lf 
lw 
lf lw 
lsp lf,lsp 2su 
lf lsu lsp 
lw,lsp 
lw,lsp 
I 
-------- --- -- -
Table 12-15. Length-frequency distribution of immature and mature 
male Cancer borealis. "Mature indicates that viable 
sperm and spermatophores were histologically 
demonstratable in crab gonadal tissues. Crabs taken on 
8 benthic trawl cruises are represented herein. 
Width in 
10 mm 
intervals 
1 - 10 
11 - 20 
21 - 30 
31 - 40 
41 - 50 
51 - 60 
61 - 70 
71 - 80 
81 - 90 
91 - 100 
101 - 110 
111 - 120 
121 - 130 
131 - 140 
141 - 150 
151 - 160 
161 - 170 
Immature 
1 
4 
2 
4 
8 
1 
1 
Gonadal Maturity 
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Mature 
1 
2 
2 
5 
2 
2 
2 
2 
2 
5 
5 
1 
Histology 
The microanatomy of the cancrid crabs and other brachyurans is 
fundamentally similar to that of the caridean shrimp described above. 
Although the crabs, at first glance, seem to be more complex 
anatomically than the shrimp, this complexity is probably more 
apparent than real and stems more from the grosser anatomical 
differences between the shrimps and crabs. 
The best introductory reference to the macro- and microanatomy of 
any brachyuran crab is Pearson's (1908) classic mongraph on Cancer. 
This work should be consulted by those who may not be familiar with 
the gross anatomy of the brachyuran crabs. 
The histological descriptions presented below will focus on 
elements of five primary anatomical systems, the digestive, excretory, 
hematopoietic, reproductive, and branchial systems. 
The digestive system or alimentary canal. The digestive system 
of the cancrid crabs, like that of the shrimp, is composed of a 
fore-gut, mid-gut, and hind-gut. Both the fore-gut and hind-gut are 
lined by chitin. The fore-gut is partitioned into a mouth, buccal 
cavity, esophagus, cardiac stomach, and pyloric stomach (Figure 
12-27). Grossly and histologically the walls of both the cardiac and 
pyloric stomachs are very complex. Grossly, the lining of both 
stomach is characterized by a number of folds, ridges, troughs, and 
plates (Pearson 1908; Patwardhan 1934-1935; Reddy 1938-1939). 
Histologically, the stomach walls are seen to consist of three 
principal layers. The inner-most layer is an acellular layer of 
chitin. This layer consists of three principal subdivisions or 
sublayers which stain characteristically with the components of our 
routine hematoxylin-eosin-Astrablue stain. The inner-most layer is 
quite thin and intensely acidophilic; in crabs of 40-100 mm carapace 
width, this layer measures approximately 2-4 ~min thickness. A 
second, more substantial, middle layer consists of a chitinous 
substrate that appears to stain with both eosin and Astrablue. This 
layer varies in thickness between 50-100 ~m. An outer or boundary 
layer which stains intensely with Astrablue interfaces with the 
epithelial cells which underlie the chitin layers. This 
Astrablue-positive layer is variable in thickness; in some portions of 
the stomach wall this layer is reduced to a thin, barely perceptible 
layer not exceeding 1 or 2 ~min thickness. In other portions of the 
stomach wall this layer may exceed 30 ~m in thickness. The second 
layer of the stomach wall consists of a layer of columnar epithelial 
cells; the major or long axis of these cells is arranged 
perpendicularly to the inner chitin layer and the outer basement 
membrane. The long axis of these cells measures 17-40 ~m, the minor 
or short axis, 4-10 ~m. Next, a basement membrane is interposed 
between the epithelial cells of the stomach and the connective tissue 
layers of the outer stomach wall. The basement membrane area is 
generally acidophilic and quite thin, not exceeding 3 ~m in width. 
Closely applied to and integrated with the basement membrane is a 
layer of delimiting fibroblasts or fibrocytes. The cells of this 
layer are elongate and torpedo-shaped and apparently secrete and 
maintain the fibrillar matrix in which they are embedded. The cells 
of the delimiting fibroblast layer change to or give rise by degrees 
to an open, rather cellular, areolar connective tissue. This 
connective tissue constitutes the outer layer of the stomach wall. It 
is composed of a network of thin fibrils which serve as the 
scaffolding for connective tissue storage cells, muscle cells, 
elements of the vascular system, hematopoietic cells, and extensions 
of the bladder of the antenna! gland. The connective tissue storage 
cells will be described immediately below; descriptions of the 
hematopoietic cells and bladder extensions will be presented under 
separate headings (see Hematopoietic system and Excretory system) 
later in the text. 
The connective tissue storage cells, or CTS cells, as they will 
henceforth be referred to, are found in the connective tissue stroma 
surrounding many of the organs and tissues of the decapods (Figures 
12-28, 12-34, 12-35). Histologically, these cells are characterized 
by their large size - in the larger Cancer crabs these cells may 
exceed 40 ~m in diameter - by the presence of inclusion bodies or 
granules which histologically and histochemically bear a resemblance 
to the yolk granules of crustacean eggs, and by an eccentrically -
placed nucleus. There seems to be little doubt that the CTS cells 
serve, as the name implies, as nutrient storage cells. As early as 
1893 Cuenot (1893) postulated that the CTS cells of Astacus 
fluviatilis served as "protein reserve cells". They have been 
variously termed "protein reserve cells" (Cuenot 1893), "Leydig cells, 
Type I" (Kukenthal 1926-1927), "lipo-protein cells" (Sewell 1955), 
"reserve cells" (Travis 1955), and "cushion cells" (Pugh 1962). Both 
Sewell (1955) and Travis (1955, 1957) have shown that the 
morphological and histochemical characteristics of these cells vary 
with respect to the molting cycle. In Carcinus maenas Sewell (1955) 
reported that the CTS cells exhibited a cycle of "appearance and 
disappearance" which was correlated with the molt cycle. The CTS 
cells seemed to "appear" toward the end of intermolt in Drach's phase 
C4 prior to the deposition of the new cuticle of the following instar. 
The CTS cells "disappeared" shortly after molting, in phase B. Sewell 
also suggested that CTS cells may arise from "ordinary amebocytes". 
Travis (1955, 1957) also noted that the CTS cells of spiny lobsters 
(Panulirus argus) changed during the course of the molt cycle. 
However, in contrast to Sewell's observations Travis (1955) stated 
that the CTS cells did not disappear: 
"On first examination of the sub-epidermal tissues, it would 
appear that the reserve cells vary in number during various 
stages of the molting cycle, but this is not the case. When 
binding or storing reserves they are greatly increased in size, 
and their boundaries and nuclei are easily observed, especially 
with Helly's fixative and the PAS method. During periods when 
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reserves are depleted, for example in late State C, many cells 
decrease in size and become clear and vesicular. Then cell 
boundaries are difficult to determine, but PAS and toluidine blue 
bring them out successfully." 
In both Cancer irroratus and c. borealis examined during this study 
the CTS cells show marked histological variation that is closely 
correlated with the molt cycle. The CTS cells in premolt crabs are 
observed to be quite large and contain one or more large, dense 
granules that stain intensely with acidophilic dyes. In animals that 
have recently molted, the acidophilic granules disappear and the CTS 
cells appear to shrink in size. These observations will be discussed 
somewhat more fully with respect to the molting cycle in a later 
section dealing with the histology of the crab gill as an indicator of 
the molting cycle. 
The next portion of the Cancer digestive system to be described 
is the mid-gut and those structures which embryologically are 
associated with the mid-gut. Grossly, the mid-gut is observed to be a 
simple, uncoiled tube, rarely exceeding 1 em length, even in the 
larger Cancer crabs. The mid-gut arises from the terminal portion of 
the pyloric stomach and receives, at its anterior end near the pyloric 
stomach - mid-gut junction a pair of caecae termed the mid-gut caecae 
by Pearson (1908), and the ducts which communicate with the 
hepatopancreas (Figure 12-29). 
The mid-gut caecae arise from the side of the anterior portion of 
the mid-gut and pass anteriorally as narrow tubes along the pyloric 
and cardiac stomachs, terminating in a convoluted portion near the 
widest portion of the cardiac stomach. Little work has been done on 
the structure or function of the mid-gut caecae. Pearson (1908) 
described the gross anatomy of the caecae but did not provide a 
histological description of them. Reddy (1938-39), in his studies on 
the crab Parathelphusa, merely indicated that the mid-gut caecae 
histologically resembled the mid-gut. Observations of the mid-gut 
caecae made from routine paraffin sections during this study indicate 
that the caecae are, at least histologically, unremarkable. The 
caecae are observed to be simple tubes, unlined by chitin. The tubes 
consist of the following layers: 1) an inner layer of columnar 
epithelial cells in which nuclei are located basally. These cells 
also appear to contain numerous apical, basophilic inclusions; the 
epithelial cells reston, 2) a prominent, acidophilic basement 
membrane. Exterior to the basement membrane are two layers of fibrous 
connective tissue. The first, or inner-most layer 3) consists of a 
compact arrangement of flattened torpedo-shaped cells and myofibrils. 
The second or outer layer 4) consists of a more open arrangement of 
connective tissue cells and connective tissue fibers. 
The hepatopancreas ("digestive gland", "liver") communicates with 
the mid-gut by means of six ducts which arise from a point immediately 
posterior to the junction of the mid-gut caecae and the mid-gut. 
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Distally, these ducts ramify and give rise to a large number of 
glandular tubules (Figure 12-30) which comprise the principal mass of 
the hepatopancreas. Grossly, the hepatopancreas is seen to consist of 
six yellow-colored lobes which are evenly partitioned between the 
right and left halves of the crab cephalothorax. 
Histologically, the cells of the hepatopancreatic tubules of the 
Cancer crabs resemble those of the caridean shrimp already described 
above. The principal layers which comprise the tubules of the 
hepatopancreas of the Cancer crabs are the following (Figures 12-31, 
12-32, 12-33): 1) an inner layer of glandular epithelial cells which 
border a central lumen; 2) an acellular basement membrane; 3) external 
to the basement membrane is a thin layer of contractile cells which 
contain muscle fibers. Examination of profiles of GMA-embedded 
hepatopancreatic tubules in which the plane of section has passed 
tangentially over the external layers of the tubules indicates that 
the muscle fibers of this layer are cross-striated and that the 
tubules are completely encased or surrounded by an anastomosing 
network of regularly-spaced fibers. There are observed to be, 
therefore, three principal layers which constitute the 
hepatopancreatic tubule in Cancer; these layers are invariably 
present, even in portions of the hepatopancreas that have been 
virtually torn from the crab. The tubules of the hepatopancreas are 
embedded, as it were, in a loose, areolar connective tissue matrix. 
This matrix contains connective tissue storage cells, smaller cells 
that resemble fibrocytes, blood cells, extra-vascular spaces or 
sinuses, and vasuclar elements. The hepatopancreatic tubules and 
associated connective tissues seemed to be encapsulated by sacular 
extensions of the bladder. These sacks are closely apposed to the 
tubules and connective tissue matrix of the hepatopancreas, and in 
some preparations the sacks appear to send villar projections into the 
matrix of the hepatopancreas. 
Histogically and cytologically, with several minor exceptions, 
the epithelial cells of the Cancer crab hepatopancreas resemble those 
of the caridean shrimp described above; the hepatopancreas tubules of 
Cancer have a full complement of "E", "F", "R" and "B" cells (Figures 
12-31, 12-32, 12-33). The exceptions are that, 1) the "R" or reserve 
cells of the Cancer crabs contain calcium granules (Figures 12-32), 
the epithelial cells of the caridean shrimp do not; and, 2) the 
hepatopancreatic epithelial cells of the Cancer crabs are commonly 
binucleate, those of the shrimp appear to be typically mononucleate. 
It has been recognized for many years that the hepatopancreatic 
epithelial cells of the brachyurans and the spiny lobster, Panulirus 
contain abundant stores of calcium (von Schonborn 1912; Paul and 
Sharpe 1916; Robertson 1937; Drach 1939; Kincaid and Scheer 1952; 
Travis 1955; McGee-Russell 1957; Stanier et al. 1968; Becker et al. 
1974), and that this calcium is present in the epithelial cells in the 
form of calcium granules or "calcospherites". It has been determined 
both chemically and histochemically that calcium is present in the 
hepatopancreatic tubular cells of the brachyurans as the phosphate 
(inorganic) salt (Robertson 1937; McGee-Russell 1957; Becker et al. 
1974). Various authors have suggested that the hepatopancreas serves, 
in fact, as a storage depot for calcium (see Travis 1955 and Becker et 
al. 1974). Travis (1955) noted that calcium granules were relatively 
more abundant in the hepatopancreatic epithelial cells of the spiny 
lobster during premolt and hypothesized that the "stored calcium salts 
appear to be used in the hardening of the new skeleton, since 
calcification proceeds simultaneously with the depletion of these 
stored reserves in the hepatopancreas". In this regard, the calcium 
granules in the hepatopancreatic tubular cells of the Cancer crabs 
follow the same pattern as described for the spiny lobster by Travis 
(1955). In premolt crabs the calcium granules are very abundant; in 
recently molted crabs the calcium granules are either completely 
absent or greatly reduced in number. 
As previously indicated, the mid-gut in the Cancer crabs is a 
short, unconvoluted tube which, characteristically, is not lined by 
chitin. Grossly, the mid-gut is unremarkable. Histologically, the 
mid-gut is seen to consist of the following layers (Figures 12-34, 
12-35): 1) an inner layer of elongate columnar epithelial cells which 
define and border the mid-gut lumen. The free or apical surface of 
the epithelial cells is thrown up into a prominent microvillar border 
which in the larger crabs may range from 3-5 )1m in width. The 
epithelial cells are extremely long and may, in large crabs, exceed 
120 )1m in length. 2) The epithelial cells rest on an exceedingly 
thick, dense, acidophilic basement membrane, which in adult crabs 
ranges from 2-5 )1m in width. 3) Closely apposed to the exterior of 
the basement membrane are several layers of muscle cells. The 
inner-most layer of muscle cells is thin and tenuous and appears to be 
embedded in a matrix of wispy fibrils of uncertain dimensions. These 
muscles seem to be longitudinally arranged around the basement 
membrane perimeter. The outer muscle layer consists of thick bundles 
of circularly arranged muscle cells in which the myofibers are 
cross-straited. In adult crabs, these cells range in diameter from 
15-30 JliD. 4) Next, to the exterior of the muscle layers, one can 
observe in appropriately fixed material, i.e., in tissues preserved 
with phosphate-buffered aldehydes, a layer of medium-sized (10-20 )liD 
in diameter) cells containing basophilic granules. The granules of 
these cells are very small and do not exceed 0.5 JliD in diameter. The 
granular cells are packed together in nests, each nest being 
circumscribed by connective tissue fibrils. Arising from these nests 
are thin tracts or bundles of poorly-staining fibrills. These tracts 
are directed medially. They can be observed passing through the outer 
muscle layer and appear to terminate on or near the basement membrane. 
The function of these granular cells is not known nor, to my 
knowledge, have they been described prior to this report. 5) The 
exterior of the mid-gut is composed of a loose areolar connective 
tissue characterized by CTS cells, blood cells, extra-vascular spaces, 
and blood vessels. 
Posteriorally, the mid-gut terminates rather abruptly at the 
mid-gut-hind-gut junction (Figures 12-29, 12-36). This junction is 
easily recognized in histological preparations, even at the lowest 
powers, by virtue of the fact that a rather large, encapsulated gland, 
composed of tightly-packed clusters of secretory cells, lies directly 
above and posterior to the junction. This gland has received little 
attention from other investigators. Pearson (1908) briefly alluded to 
the presence of a glandular structure in this area: "In the walls of 
the hind-gut immediately behind the mid-gut there are closely packed 
glands very similar in structure to those present in the oesophagus". 
Pugh (1962) studied the histology of this gland in various fiddler 
crabs, naming it the "cephalic intestinal gland". This gland is 
composed of a number of acinar-like units which are ensheathed by a 
connective tissue matrix. In our routine histological preparations 
the cells of these units are observed to contain small granules which 
stain with PAS and Astrablue, thus indicating that the granules are 
rich in acid mucopolysaccharides. The matrix of the granules is 
apparently quite labile as acellular globules of material which also 
stain with PAS and Astrablue are generally found scattered throughout 
the connective tissues in and around the gland. Pugh (1962) has 
stated that the cellular units of the cephalic intestinal gland have 
an acinar configuration. However, strictly speaking, it is 
problematical whether this gland can be said to be composed of acinar 
units. The cephalic intestinal gland does not appear to be a true 
tubular gland, at least not according to or in the terms of classic 
vertebrate histology. Observations during this study indicate that 
there are no obvious ducts or ductules, again, according to classic 
definitions of a duct, which receive the secretions of.the acinar-like 
subunits. In our routine preparations the cephalic intestinal gland 
almost appears to be a ductless gland. Pugh's own observations, in 
fact, strongly indicate that cephalic intestinal gland is not a 
tubular gland. Pugh (1962) has stated that, 
"Each acinus consists of a large central cell surrounded by a 
cluster of secretory cells ensheathed in a connective tissue 
coat. The basophilic secretory cells are pyramidal in shape with 
their apices abutting the central cell. --- Within the cytoplasm 
of the central cell is located an intracellular central canal 
with a highly refractive lining. Small secondary canals extend 
radially from the central canal into the apical halves of the 
secretory cells where they end blindly. The central canal, most 
often straight but occasionally T-shaped, emerges from one side 
of the acinus, and accompanied by connective tissue, extends 
toward the lumen of the gut---. In as much as cytoplasmic 
membranes have not been demonstrated along these ducts and 
between them and the central cell of the acinar unit, it seems 
probable that the cytoplasm surrounding the entire duct along 
with the central cell constitutes an elongate syncytium 
containing the intracellular canals and duct." 
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Histologically, the hind-gut and the coiled hind-gut caecum which 
originates from the posterior portion of the hind-gut resemble the 
fore-gut and the mid-gut caecae respectively; for this reason, these 
structures will not be described herein. However, those readers who 
may wish to obtain a more precise histological definition of the 
hind-gut and the hind-gut caecum are referred to the excellent 
description of the hind-gut of fiddler crabs by Pugh (1962). 
The excretory system - the antenna! gland. Morphologically, the 
cancrid antenna! gland resembles that of caridean shrimp (q.v.; also 
see Figures 12-37, 12-38). Perhaps the only noteworthy difference 
between the cancrid and caridean antenna! glands is in the anatomical 
arrangement and histology of the secondary bladder or 
nephro-peritioneal sack system. In the caridean shrimp the 
nephro-peritoneal sack is a relatively simple sack-like structure 
which covers part of the stomach and gonad. Histologically, the sack 
is seen to consist of simple, flattened epithelial cells. In the 
caridean shrimp the nephro-peritoneal sack serves as a scaffold for 
hematopoietic tissue. The secondary bladder or nephro-peritoneal sack 
system of the cancrid crabs, in contrast to the simple 
nephro-peritoneal sack of the carideans, is quite elaborate and 
complex and consists of many subdivisions or lobes. According to 
Pearson (1908), there are eight primary subdivisions of the cancrid 
nephro-peritoneal sack system. These subdivisions or lobes, as 
Pearson has termed them, are in intimate contact with most portions of 
the digestive and reproductive system. In histological preparations 
portions of the nephro-peritoneal lobes can be observed penetrating 
and ramifying in the stromal tissues of the digestive and reproductive 
systems (Figure 12-39) much as, in vertebrates, stomal elements are 
"penetrated" by extensions of the lymphatic system. In addition, in 
the cancrid crabs, the nephro-peritoneal sack system does not serve as 
a scaffold for hematopoietic tissue as it does in the caridean shrimp. 
In the cancrids, the hematopoietic tissue is suspended from and 
attached to stromal elements of the stomach wall (see below). Lastly, 
the cells of the caridean and cancrid nephro-peritoneal sack differ 
histologically. The cells that line the caridean sack are flattened, 
attenuated cells with no obvious granules or inclusions, those of the 
cancrid sack are moderately large, cuboidal-columnar cells that 
contain tan-brown granules. These granules lend the lobes of cancrid 
nephro-peritoneal sack system a brownish cast. Before leaving the 
subject of the cancrid nephro-peritoneal sack(s), it is appropriate to 
mention that the lobes of the cancrid nephro-peritoneal sacks 
constitute an elaborate and extensive system, which in terms of its 
magnitude or volume, may well be equivalent to the total volume of the 
vascular and extravascular spaces. It is hoped that physiologists and 
morphologists will direct their attention to the workings of the 
nephro-peritoneal sack system in the crabs and other decapods. 
The hematopoietic tissues. The hematopoietic or blood forming 
tissues of the Cancer crabs are located in the superficial tissues of 
the dorsal and lateral portion of the cardiac stomach wall. 
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Histologically, the hematopoietic tissues are seen to consist of 
sheets of highly cellular nodules surrounded by delicate connective 
tissue (Figures 12-28, 12-40). The nodules are composed of rather 
tightly-packed, undifferentiated, blast-type blood cells and partially 
differentiated blood cells. The connective tissue matrix which 
ensheaths the nodules is composed of small, fibrocyte-type cells and 
thin, fine, extracellular connective tissue fibrils. Marec (1944) and 
Charmantier (1972) have indicated that the "activity" of the 
hematopoietic tissues in brachyuran crabs is cyclic and is dependant 
on the stage of intermolt. 
The reproductive system. Grossly, the male reproductive system 
of Cancer crabs is seen to consist of paired, symmetrical testes, the 
convoluted tubules of the vas deferentia, which pass backward from the 
testes, the ejaculatory duct, and the copulatory organ. The female 
reproductive system consists of paired ovaries, paired spermathecae, 
or sperm-holding sacs, and a short oviduct (see Pearson 1908, for 
further details). 
Histologically and cytologically, the supportive and germinative 
elements of the cancrid male and female reproductive system resemble 
those elements described above for the caridean shrimp (q.v.). As in 
the caridean shrimp, the germinative and supportive elements of the 
cancrid gonad are arranged in an asymmetric fashion, and both ovary 
and testes are lobular structures. A series of photomicrographs 
illustrating these points and other facets of cancrid gonadal 
histology is presented in Figures 12-41 through 12-45. 
Although the various steps by which the primitive gonial cells 
transform into mature gametes are well-known in the Cancer crabs and 
other brachyurans (Binford 1913; Fasten 1918a,b, 1926; Harvey 1929; 
Brown 1966; Weitzmann 1966; Ryan 1967a,b; Langreth 1969; Chiba and 
Honma 1972a,b; Laulier 1974; Laulier and Demeusy 1974; Dhainant and 
Leersnyder 1976) little work has been devoted to understanding how the 
supportive elements of the crab reproductive system interact with the 
germinative. In the larger mature male cancrids observed in this 
study, the supportive cells lining the sperm ductule appear to 
phagocytose or engulf mature sperm. It cannot be determined whether 
this phenomenon represents a process of resorption - phagocytosis of 
senile or non-viable sperm - or whether it represents a method of 
sperm activation. 
The branchial system. The gills or branchiae of the Cancer crabs 
and other brachyurans closely resemble, on both a gross and 
microanatomical level, those of the caridean shrimp described above 
(~.v.). The gills of the Cancer crabs, like the gills of caridean 
shrimp, consist of two major anatomical units: a stem (shaft, axis) 
and plate-like projections called lamellae (Figure 12-46). The 
lamellae of the Cancer crab gill are fused along their mid-line with 
the stem (also see Pearson 1908; Drach 1930; Smyth 1942; George 1961); 
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they do not hang free, as it were from the stem as is the case in the 
carideans (Calman 1909). 
The principal cell types found in the gills of the Cancer crabs 
are, (1) the epithelial cells; (2) the vacuolated arthrocytes; and (3) 
the cells associated with vascular elements (Figures 12-47 through 
12-49). The epithelial cells of these crabs closely resemble those 
described for the carideans, q.v. The distribution of the epithelial 
cells is also identical in both-the Cancer crabs and the carideans. 
It was found that, histologically, the epithelial cells of the gills 
of the Cancer crabs exhibited a surprising degree of variability. In 
some crabs the epithelial cells of the gill appeared to have an 
emaciated, washed-out appearance. The gills epithelial cells in these 
crabs were small and stained poorly with all of the dyes employed to 
stain our routine preparations. In other crabs, the epithelial cells 
of the gill were large and robust-looking and stained well with eosin, 
hematoxylin and Astrablue. The nuclei of the epithelial cells of 
these crabs were quite often observed to contain large nucleoli. As 
will be shown below, these histological states or variants of the 
epithelial cells were found to be closely correlated with the molt 
cycle; the presence of the emaciated epithelial cells being correlated 
with and indicative of postmolt crabs and the robust cells of premolt 
crabs. The vacuolated arthrocytes found in the crab gill are similar 
to those noted in the gills of the caridean shrimp, ~.v. These cells 
were also found to exhibit a number of morphological states which were 
found to be correlated with the molt cycle (see below). 
Histological changes in various cells and tissues that accompany 
the molt cycle. The material presented in this section will describe 
some of the more obvious histological changes that accompany the 
molting cycle of c. borealis and C. irroratus. It is hoped that this 
work will inspire-other investigators to extend these observations so 
that it will be eventually possible, using histological criteria, to 
precisely determine the molting stages of the Cancer crabs and other 
crustacea. It should be emphasized that the importance of studies of 
this nature extends far beyond merely knowing that a given animal is 
about to molt or has molted. Without an appreciation of the various 
morphological states of the cells and tissues of the crustacea it will 
be impossible for the histopathologist to accurately assess the 
physiological state of the crustacean under study. For those 
investigators who may wish to pursue this topic it is recommended that 
the following authors be consulted: Marec 1944; Sewell 1955; Travis 
1955, 1957; Passano 1960; Madhyastha and Rangeker 1974. 
Two essential dogma must be bourne in mind in reviewing the 
material presented below: first, that the molting cycle of the 
crustacean is accompanied by profound physiological and morphological 
changes, and second, that molting is a continuous, on-going process 
and not merely an episode which occassionally interrupts the normal 
way of life of the crustacean (see Passano 1960). 
We have found that the cells and organs which exhibit the most 
drammatic histological changes during the molt cycle are, the gill, 
the connective tissue storage cells (CTS cells), and the epithelial 
cells of the hepatopancreas. 
I. The gill. The gills of newly-molted or postmolt 
crabs, of both soft- and paper-shell animals, present with a 
thin, emaciated appearance. The lamellae are thin and wispy; the 
gill stem looks shrunken and constricted (Figures 12-50, 12-51). 
The cells of postmolt gill stain poorly, if at all, with eosin 
and Astrablue, indicating, perhaps, that the cells are relatively 
deficient in protein and acid mucopolysaccharides. The 
vacuolated arthrocytes of the gill stem have clear, open 
vacuoles. The vacuolated arthrocytes of the gill lamellae are 
flattened and shrunken and cannot be readily differentiated from 
the epithelial cells of the lamellae. The vascular and 
extravascular spaces of the lamellae and stem are constricted 
and, with the exception of the occasional blood cell, quite 
empty-looking. The cuticular borders of the lamellae are 
generally free of symbiotic organisms. 
The gills of hard-shell crabs (Drach's stage C; ~·i· Passano 
1960) are typically "full"-looking and bear little resemblance to 
the thin; wispy gills of the post-molt crab. ·The cells of the 
lamellae and stem stain with eosin, and the vacuoles of the 
vacuolated arthrocytes appear to contain debris. The vacuolated 
arthrocytes of the lamellae can be readily differentiated from 
the epithelial cells. The vascular and extravascular spaces of 
both lamellae and stem are quite often filled or engorged with a 
dense eosinophilic floc. The cuticular border of the gill 
lamellae serves as a substrate for various symbionts (see below). 
The gills of premolt (stage D) crabs can be assigned to one 
of two morphologically distinct sub-types. The first sub-type is 
not too different from the typical hard-shell gill. The 
principal difference between the two gill types is in the 
epithelial cells of the gill stem; those of the hard-shell gill 
in our routine preparations are unremarkable, virtually 
featureless cells: there is little cytoplasmic RNA, and there 
are few cytoplasmic granules or vacuoles. Nuclei are small and 
if nucleoli are present, they are also small. Many of the 
epithelial cells of the gill stem in premolt, sub-type 1 crabs 
have large numbers of blue-purple cytoplasmic granules and 
significant amounts of cytoplasmic RNA; the nuclei of these cells 
have moderately large nuclei and large nucleoli. The gills of 
sub-type 2 premolt crabs have florid, puffy appearance (Figures 
12-52, 12-53). The cells of sub-type 2 gills appear to be 
swollen and the vascular and extravascular spaces congested with 
an eosinophilic floc. The epithelial cells of the gill develop 
large vacuolar masses of astra blue and PAS-positive material and 
the plasma membrane interfacing with the cuticular border 
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develops folds and channels. These channels seem to penetrate 
deep into the center of the cells. The cuticular border of the 
gill lamellae is commonly observed to be detached from the 
underlying epithelial cells. 
II. The connective tissue storage cells and the 
hepatopancreatic epithelial cells. As indicated above, in the 
section on the digestive system of Cancer crabs (q.v.), both the 
connective tissue storage cells (CTS cells) and the-epithelial 
cells of the hepatopancreas of the Cancer crabs show histological 
variations which can be correlated with the molt cycle. In 
routine histological preparations the CTS cells of many 
newly-molted crabs often appear to be absent (Table 12-16); the 
large, eosinophilic inclusions typical of the CTS cells from 
hard-shell and premolt crabs are commonly lacking in postmolt 
crabs. Similarly, the calcium-rich granules of the 
hepatopancreatic 'R' cells, which are quite apparent in 
hard-shell and premolt crabs, are commonly lacking in postmolt 
crabs (Table 12-16). 
Analysis of data generated by the application of the 
histological criteria presented above to histological sections of 
the Cancer crabs collected on the benthic trawl cruises indicates 
that, 1) premolt, stage D crabs were smaller than crabs in the 
other two primary molt stages (Table 12-17). This observation 
was not unexpected and is predicated on the rather unique 
incremental processes common to crabs and other crustacea 
(Pearson 1908; Passano 1960). 2) The relative numbers or 
percentage of crabs approaching molt was correlated with the size 
of the crabs - in general, the pre-molt condition was most 
commonly observed in the smaller crabs (Table 12-17). 3) Pre-
and postmolt crabs < 70 mm carapace width, were abundant in all 
seasons (Table 12-18), indicating that molting, at least in crabs 
of this size, was not restricted to a particular season or 
seasons. 
In the section which follows the symbionts and non-specific 
lesions associated with the tissues and organs of the Cancer 
crabs will be described. 
Symbionts and lesions associated with the Cancer crabs. 
I. Gill associated epibionts and lesions. A number of 
symbiotic organisms use the gills of both Cancer irroratus and C. 
borealis as substrates or anchoring platforms; ciliates, 
copepods, and bacteria were commonly found on the external 
surfaces of the Cancer gill lamellae. As will be demonstrated 
below, the numbers and types of symbionts that were found 
infesting the gill lamellae were related to the host species, 
host molt cycle, size of host, and season. 
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Table 12-,.16. Relationship between the intermolt stage and the presence of connective tissue storage 
(C.T.S.) cells and hepatopancreatic (Hp) calcium granules in Cancer irroratus and C. 
borealis. 
Intermolt No. Crabs with % No. Crabs with % 
Stage Species C.T.S. Cells + C.T.S. Hp Ca Granules + Ca 
Post-molt c. irroratus 28 35.9 33 42.3 
(Stages A and B) c. borealis 26 45.6 13 22.8 
N 
78 
57 
Hard crabs c. irroratus 82 82.0 71 71.0 100 
(Stage C) c. borealis 70 87.5 63 78.8 80 
Pre-molt c. irroratus 39 95.1 39 95.1 41 
(Stage D) c. borealis 31 100.0 31 100.0 31 
....... 
N 
I 
0' 
....... 
Table 12-17. Length-frequency data for Cancer irroratus and C. borealis arranged according to the three 
primary intermolt stages described in the text.- For the most part, crabs were assigned 
to one of these intermolt stages on the basis of histological criteria. 
S ecies 
C. irroratus C. borealis 
Intermolt Stage: Pre-molt (%) Post-molt Hard-shell Pre-molt (%) Post-molt Hard-shell 
Width in 10 mm 
Intervals: 
0-10 5 (17.2) 6 18 1 (33. 3) 2 
11-20 18 (48.6) 11 8 7 (35.0) 7 6 
21-30 3 (15.0) 12 5 14 (35.9) 15 10 
31-40 8 (38.1) 8 5 1 ( 5. 6) 8 9 
41-50 4 (21.1) 9 6 4 (22.2) 6 8 
51-60 3 (17.7) 13 1 2 (10.0) 5 13 
61-70 2 (12.5) 7 7 2 (22.2) 1 6 
71-80 1 ( 5.9) 6 10 6 
81-90 3 12 2 2 
91-100 3 15 1 (20.0) 3 1 
101-110 3 7 3 5 
111-120 6 1 5 
121-130 2 2 6 
131-140 1 4 
141-150 
151-160 
161-170 1 
1-o 
N 
I 
0\ 
N 
Table 12-18. The relative numbers, expressed as percentages, of Cancer irroratus and C. borealis, 
~ 70 mm in width, in a given molt stage, by season. 
-~-~--- '·-~ t· s 
c. irroratus c. borealis 
Intermolt Stage Pre-molt Post-molt Hard-shell N Pre-molt Post-molt Hard-shell 
Season: 
Fall 23.3 40.0 36.7 30 12.5 31.3 56.3 
Winter 26.0 39.7 34.3 73 26.3 34.2 39.5 
Spring 30.4 26.1 43.5 23 27.3 36.4 36.4 
Summer 32.4 55.9 11.8 34 22.6 32.3 45.2 
N 
16 
38 
44 
31 
A. Gill ciliates. The gill lamellae of small and 
medium-sized crabs from the OCS study area were infested with a 
ciliate which closely resembled the apostome ciliates found on 
the lamellae of the caridean shrimp described above. These 
ciliates were most commonly found amongst the gill lamellae of 
the smaller Cancer crabs (Tables 12-19, 12-20). They were rarely 
observed in rock crabs exceeding 40 mm in width (Table 12-19) and 
in jonah crabs exceeding 80 mm in width. 
B. Gill copepods. The gill lamellae of the large, 
hard-shell rock crabs were often observed to be infested with 
small, symbiotic copepods, which ranged between 115 and 220 ~m in 
length (Figure 12-54; Table 12-19). These organisms were not 
found in the gills of newly-molted crabs nor were they found in 
the gills of jonah crabs. Our data indicated, further, that 
proportionately more rock crabs were infested with symbiotic gill 
copepods during the fall than at any other season. When the 
numbers of rock crabs (~ 30 mm width) with and without copepods 
taken during the fall was compared statistically by means of a 
Chi-square test (X~) with rock crabs taken during the winter, 
spring, and summer (data combined), the null hypothesis that 
there was no seasonality in the proportion of infected and 
non-infected crabs is rejected at a very high level (< 0.5%). 
A number of gill lesions were often found associated with 
the presence of copepods in the gill lamellae of rock crabs. 
These lesions varied in type, degree of involvement, and number. 
The types of lamellar lesions associated with the presence of 
gill copepods included melanized foci and cysts, fluid-filled, 
blister-like structures, and lamellar nodules (Figures 12-54, 
12-55; Tables 12-19, 12-20). Lesions of the melanized foci-type 
were characterized by the presence, in the gill lamellae, of 
melanized tissue components. These lesions typically involved 
both the cells and the cuticle of the lamellae. The lesions 
varied with respect to degree of involvement from small, 
intralamellar cyst-like structures of 30 ~m diameter to large 
melanized strips which extended along the entire length of a 
lamella. No identifiable organisms were associated with these 
lesions. Lesions of the nodular type were characterized by the 
presence in the gill lamella of cellular nodules (Figures 12-55). 
Histologically, these nodules were presented with a swollen, 
often disorganized appearance. The nodules were composed of 
masses of fibrocyte-like cells of undetermined origin which were 
arranged quite often into whorls. The nodules varied in size 
from small cellular masses less than 50 ~m in diameter to large 
cell-filled blisters involving a large portion of a given 
lamella. 
The results of number of Chi-square tests performed on our 
data suggested that the presence of these gill lesions in rock 
crabs was statistically correlated with the presence of gill 
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Table 12-19. The relationship between the size of Cancer irroratus and the presence of various gill 
symbionts and lesions. See text for description. 
t Nos. Crabs 
Width in Nos. Crabs Nos. Crabs with Nos. Crabs Nos. Crabs 
10 mm Total Nos. with Gill with Gill Melanotic with Gill with Gill 
Intervals of Crabs Ciliates Copepods Foci Nodules Bacteria 
1-10 37 19 
11-20 50 15 1 
21-30 21 7 2 2 1 
31-40 21 6 2 1 
41-50 19 1 2 1 
~ 51-60 18 3 3 
N 
!I 61-70 14 3 2 1 0\ 
.!::'-
71-80 17 4 2 2 2 
81-90 15 3 5 4 
91-100 18 4 4 4 2 
101-110 11 1 4 1 4 
111-120 6 1 2 2 
121-130 2 
Table 12-20. The relationship between the size of Cancer borealis and the presence of various gill 
symbionts and lesions. See text for description. 
Nos. Crabs 
Width in Total Nos. Nos. Crabs with Nos. Crabs Nos. Crabs 
10 mm of with Gill Melanotic with Gill with Gill 
Intervals Crabs Ciliates Foci Nodules Bacteria 
1-10 4 
11-20 21 2 
21-30 41 2 
31-40 18 
i-l 41-50 18 2 1 
N 
I 51-60 20 4 1 2 ()'\ 
Ln 
61-70 14 
71-80 6 2 1 1 1 
81-90 4 1 
91-100 5 1 
101-110 8 1 
111-120 6 1 2 
121-130 8 3 3 
131-140 5 3 
141-150 
151-160 
161-170 1 
copepods. When the numbers of crabs (> 30 mm in width) with and 
wi7hout gill lesio~s was compared statistically by means of a 
Ch1-square test (Xc) with the numbers of crabs with and without 
copepods, the null hypothesis that there was no relationship 
between lesions and copepods was rejected, at a very high level 
(< 0.5%). Therefore, this statistical analysis suggested that 
the gill lesions were associated with the presence of copepods. 
c. Gill bacteria. The gills of large, hard-shell 
Cancer crabs were occasionally observed to be coated with 
"fuzzy", basophilic mats of filamentous, epiphytic bacteria 
(Tables 12-19, 12-20). 
D. A case of an infestation of the gills of a jonah 
crab with a dorvilleid polychaete worm. During the spring trawl 
cruise of 1977 a large (131 mm), male jonah crab bearing two 
cream colored polychaete worms entwined in its gills was 
recovered from Station J1 (Figure 12-57). These worms and 
portions of the gill were transmitted to M. H. Pettibone (1977 
Dept. Invertebrate Zoology, Smithsonian Inst.) for 
identification. Dr. Pettibone removed the worms from the gill 
and measured and identified them. Portions of these gills were 
subsequently embedded by ourselves for histological analysis. 
Pettibone indicated that the two worms, which measured 1.0 
and 1.2 em in length, were dorvilleid worms of the genus 
Eteonopsis (!• geryonicola). She also indicated that 1) our 
finding constituted a new host record for !· geryonicola as this 
worm, to date, has only been recovered from the red crab, Geryon 
quinquedens (see Wesenberg-Lund, 1938); 2) these worms have only 
been recovered on the western side of the Atlantic on one other 
occasion. 
Histological examination of several portions of the gills 
from this crab indicated the worms had not occasioned any 
drastic, overt pathological response in the host. 
The symbionts (epibionts) described above probably caused 
little discomfort to the host; although these organims were 
clearly not benign or mutualistic, they almost certainly did not 
cripple their host physiologically. The symbionts which will be 
described below would appear to be somewhat less benign. 
E. Hematodinium perezi. Hematodinium perezi, a 
parasitic dinoflagellate which lives in the vascular spaces of 
crabs, was found in both rock crabs and jonah crabs taken from 
the OCS study area. This parasite has been previously observed 
in the blood of Carcinus, Portunus, and Callinectes (see Newman 
and Johnson 1975). H. perezi has also recently been described in 
the lady crab, Ovalipes ocellatus (MacLean and Ruddell 1978). 
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From the point of view of the pathobiologist, H. perezi was 
an extremely interesting parasite. Histologically, this organism 
closely resembled crab blood cells (Figure 12-58). In fact, the 
only obvious histological parameters that differentiated H. 
perezi from crab blood cells were 1) the distinctive nucleus of 
this organism - nuclei seemed to be frozen into a late prophase 
or late metaphase configuration and 2) the rare coalescence of 
these cells into multinucleate giant-type cells. 
Although ~· perezi usually occurred in enormous numbers in 
crab blood it did not seem to have any obvious effect on the 
organs and tissues of the infected crabs. There appeared to be 
fewer numbers of blood cells in vascular spaces, also noted in 
Callinectes by Newman and Johnson (1975), but this may have been 
a reflection of an attenuation or dilution effect by ~· perezi. 
Thus, the pathogenicity of this organism when present in low or 
moderate numbers would be expected to be minimal. In 
overwhelming numbers, the organism might, of course, cause 
physiological impairment, which under stressful conditions, could 
result in the death of the host. The length-frequency data of 
infected crabs (Table 12-21) indicated that only medium-sized 
crabs were infected. This observation is difficult to evaluate 
but may indicate that the medium-sized crabs were especially 
vulnerable to infection by H. perezi and that the outcome of the 
disease is invariably fatal-(for further comments on this 
organism see MacLean and Ruddell, 1978). 
F. Microsporidian-like bodies. Small, spherical to 
ovoid bodies, somewhat reminiscent of microsporidians, were found 
in the cells and tissues of the Cancer crabs. These bodies 
characteristically contained a dense, Feulgen-positive core 
surrounded by a membrane. The bodies ranged in size between 1 
and 3 ~m. To date, they have not been identified. Sawyer 
(personal communication, 1976; National Marine Fisheries 
Laboratory, Oxford, Md.) has also found these entities in rock 
crabs from the New York Bight area. 
The microsporidian-like bodies, appeared to be obligate 
intracellular parasites. They were found in a wide variety of 
cells and tissues including the gill lamellar epithelial cells, 
gill arthrocytes, muscle cells, hematopoietic tissue cells, and 
connective tissue cells (Figure 12-59). In heavily infected 
individuals the organism was found in very large numbers in the 
host cells; infected cells appeared hypertrophied and swollen. 
The most overt and dramatic pathological conditions resulting 
from the infection of crabs by microsporidian-like bodies were 
associated with the circulating blood cells and the hematopoietic 
tissue. For instance, wide-spread and massive destruction of 
hematopoietic tissues (Figure 12-60), accumulations of blood 
cells (infiltrates) around digestive tract tissues (Figure 
12-61), and multinucleated giant cells derived from blood cells 
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Table 12-21. The relationship between the size of the rock crab, Cancer irroratus, the jonah crab, C. 
borealis, and the presence of various internal parasites and lesions. See text for 
description. 
Width ~ont 
m e 
Total Number 
of Crabs 
Intervals rock jonah 
1-10 37 4 
11-20 50 21 
21-30 21 41 
31-40 21 18 
41-50 19 18 
51-60 18 20 
61-70 14 14 
71-80 17 6 
81-90 15 4 
91-100 18 5 
101-110 11 8 
111-120 6 6 
121-130 2 8 
131-140 5 
141-150 
151-160 
161-170 1 
No. Crabs with 
1 
3 
2 
Nos. Crabs with 
Microsporidian-
like Bodies 
rock ·onah 
1 1 
1 3 
1 
2 
2 1 
1. 
1 
1 
1 
Nos. Crabs with 
Digestive Tract 
Lesions 
rock ·onah 
2 
1 
1 1 
2 
1 
1 
1 
(Figure 12-62) were observed in material taken from diseased 
individuals. 
The incidence of infection with this parasite was moderately 
high (Table 12-21); 6.3% of rock crabs and 4.4% of jonah crabs (> 
30 mm in width) were infected. Although nothing is known about 
the virulence of this organism, it would seem evident, based on 
our histopathological findings, that this organism should be 
considered pathogenic. 
G. Lesions associated with the digestive tract of 
crabs. Small, melanized cysts were occasionally observed in the 
connective tissues adjacent to the digestive tract of very large 
Cancer crabs (Figure 12-63; Table 12-21). The etiological agent 
of the digestive tract cysts could not be identified although 
clusters of small (1-2 ~m diameter) basophilic, particles were 
noted in the connective tissue cells surrounding many of the 
cysts in one crab. Whatever the causative agent of this disorder 
may have been, it seemed to be moderately benign and well 
tolerated by crabs as cells and tissues adjacent to the cysts 
were not disrupted or necrotic. 
H. Abnormal blood cells in a jonah crab. A 72 mm male 
jonah crab, taken at Station E1 during the winter of 1976, was 
observed to contain large numbers of atypical and dead blood 
cells in its vascular spaces. The atypical blood cells were 
observed to consist of a number of unusual forms, including the 
following : 1) large, bl~st-type blood cells (8-12 ~m in 
diameter) containing large nuclei (5-8 ~ m in diameter); the 
nuclei of these cells contained one or more nucleoli. These 
cells were considerably larger than the circulating blood cells 
normally observed in Cancer crabs, which, in our paraffin 
sections, ranged between 6-9 ~m in diameter. 2) Very large, 
agranular blood cells, ranging in diameter between 9-15 Jl m, which 
contained large (8-10.6 ]lm in diameter), abnormal-appearing 
nuclei (Figure 12-64). The nuclei of these cells contained a 
dense ring of marginated chromatin which enclosed a "pool" of 
basophilic, lightly Feulgen - positive material. 3) Blood cells 
resembling those described immediately above in which the pool of 
basophilic material was apparently replaced by an amphiphilic 
inclusion body. 4) Blood cells undergoing mitosis. In addition 
to these abnormal forms, many non-viable blood cells were noted 
in sections of this crab. These cells were small, shrunken and 
typically contained karyorrhectic or pycnotic nuclei. No other 
cells or tissues in this crab appeared to be histologically 
abnormal. 
Histologically, the atypical blood cells described above 
were reminiscent of vertebrate cells infected with various 
DNA-type viruses (see Davis et al. 1969). In this regard, Bang 
(1971; 1974) has recently isolated a virus from the blood cells 
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of Carcinus maenas, which causes abnormal cellular clotting. It is 
therefore proposed that the etiological agent of the blood cell 
anomalies described agave is a virus. 
Mollusca: The Astarte Clams 
The Astarte clams are small, primitive lamellibranchs of no 
commercial importance. Astarte spp. is for the most part a northern 
genus, and most species are abundant in the Arctic seas (Whiteaves 
1901; Dall 1903; Thorson 1936; Ockelmann 1958). The common name for 
Astarte, the "blood clams", relates to their hemoglobin-containing 
respiratory protein (Waxman 1975). 
Astarte castanea (Lamellibranchia, Heterodonta, Astartidae) 
Astarte castanea is a southern species which ranges from the 
coast of Nova Scotia in the north to North Carolina in the south 
(Whiteaves 1901; Dall 1903). 
Distribution. A. castanea was found most abundantly at depths 
less than 70 m (Table 12-22). 
Gonads and gonadal maturation. Male and female clams occurred in 
equal numbers; both sexes were equal in length (Table 12-23). A. 
castanea began producing mature gametes when 15-16 mm in length. 
Production of gametes was not seasonal or cyclic in nature, as 
apparently viable gametes were found in abundance throughout the year. 
Astarte undata (Lamellibranchia, Heterodonta, Astartidae) 
Distribution. A. undata was found in deeper waters than its 
congener, !• castanea (Table 12-22). 
Gonads and gonadal maturation. Male clams were slightly smaller 
than females (X = 25.2 mm, s = 3.6, F; X = 23.4 mm, s = 4.5, M; Table 
12-24); male-female ratios were not constant at all stations. Males 
outnumbered females at stations E1 and F1; the converse was true at B1 
(Table 12-25). Lastly, like!· castanea, the gonads of A. undata did 
not appear to exhibit seasonal or cyclic activity. 
Histology 
The histological descriptions of the cells and tissues of the 
Astarte clams presented below will focus on elements of the digestive 
system, the kidneys, the gills, and reproductive system. Those 
workers who may wish to obtain a somewhat more detailed perspective of 
the anatomy and histology of the Astarte clams than the present work 
Table 12-22. 
Species 
Numbers of 
A. castanea 
Numbers of 
A. undata 
Table 12-23. 
Length in 
5 mm 
Intervals 
6-10 
11-15 
16-20 
21-25 
26-30 
31-35 
Totals 
Table 12-24. 
Length in 
5mm 
Intervals 
6-10 
11-15 
16-20 
21-25 
26-30 
31-35 
Numbers of Astarte castanea and A. undata taken at the 
benthic trawl stations; stations arranged by depth. 
Station 
C2 Dl N3 Bl El Il :Fl Al Jl 
54 1 37 28 4 3 4 0 0 
0 0 2 23 40 26 28 38 2 
Length-frequency data for female, male, and undifferentiated 
Astarte castanea. 
Sex 
Undifferentiated Female Male 
2 
4 1 
1 4 8 
3 26 32 
1 27 21 
1 
11 57 63 
Length-frequency data for female, male, and undifferentiated 
Astarte undata. 
Undifferentiated 
7 
19 
1 
2 
4 
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Sex 
Female 
4 
29 
22 
4 
Male 
1 
5 
8 
31 
21 
1 
Table 12-25. The ratios of male to female station; stations arranged depth. 
Male-female Ratios and 
1--' Nos. of Male and Female 
Jl 
Ratio 1.0 0.44 2.0 o. 77 4.0 0.93 
Numbers Male + Female 2 23 40 26 15 29 1 
will afford are referred to the excellent anatomical and histological 
descriptions of Astarte by Saleuddin (1964, 1965, 1967). 
Grossly, the Astarte clams resemble the common hard shell clam 
(Mercenaria mercenaria) of the North American Atlantic seaboard. Like 
the hard shell clam, the living tissues of Astarte clams are arranged 
or partitioned into five major anatomical subdivisions, i.e., the 
visceral mass, the foot, the mantle, the gills, and the adductor 
muscles. In the material presented below only one of these 
subdivisions, the visceral mass, will be treated in any detail because 
it is, by far, the largest structure. 
The visceral mass. The visceral mass of Astarte contains four 
primary organs and organ systems: the digestive tract or alimentary 
canal, the reproductive system, the kidney and the heart. These 
organs are in close and intimate contact and are surrounded by and 
embedded in connective tissues and haemal spaces. The connective 
tissues will be described below. It is convenient for the purposes of 
this exposition to divide the visceral mass into two halves, an 
anterior half which incorporates the mouth, esophagus, stomach, 
digestive diverticula and gonad, and a posterior half which 
incorporates the kidney, intestine, and gonad. 
I. Cross-sections of the anterior portion of the visceral 
mass typically show portions of the stomach, style sack, the 
digestive diverticula and gonad (Figure 12-65). 
A. The digestive diverticula is a dark mass of 
glandular tissue which surrounds the stomach and is composed of 
large numbers of ducts and blind ductules. The primary ducts of 
the digestive diverticula originate in the stomach wall (Figure 
12-65). These ducts are ciliated and give rise to smaller, 
non-ciliated secondary ducts (Figure 12-66). The secondary ducts 
terminate in blind ductules or tubules (Figures 12-66; 12-67). 
The terminal ductules are composed of two principal layers, an 
epithelial layer and a basement membrane. The terminal ductules 
are encased in a network of fine, 0.5-2 ~m-diameter, muscle 
fibrils. The cells that comprise the epithelial layer consist of 
two principal types, crypt cells and absorptive cells. The crypt 
cells are located, as their name suggests, in the crypt-like 
regions of the ductules (Figure 12-68). These cells 
characteristically contain a basophilic cytoplasmic matrix, 
numerous acidophilic apical granules and an elongate (30-50 ~m in 
length) cilium. The absorptive cells are tall and typically 
contain vacuoles or spherules of varying diameter. The spherules 
are often quite large and may exceed 15 ~m in diameter; they 
appear to be composed of concentric layers of materials. The 
spherules are basophilic and Astrablue postive, stain with PAS, 
and contain ferric iron. The spherules are apparently voided 
from the absorptive cells (Saleuddin 1965). 
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Concerning the function of the ductular epithelial cells of 
Astarte and other lamellibranchs: the absorbtive cells of 
lamellibranchs appear to be involved in the absorption and 
digestion of nutrients. It has been hypothesized that the 
spherules released by the absorptive cells may serve as an aid in 
primary extra-cellular digestion in the stomach (see Morton 1973, 
Owen 1974). The basophilic crypt cells of lamellibranchs may 
serve as secretory cells or, alternatively, may be responsible 
for the replacement of both the secretory-type crypt cells and 
the absorptive cells (Owen 1970; Morton 1973). 
II. Cross-sections of the posterior portion of the 
visceral mass typically show portions of the gonad, kidney, 
intestine, and heart (Figures 12-69 a,b). 
A. The intestine. The intestine is characterized 
histologically by 1) its peculiar and intimate relationship to 
the heart and gonadal tissues - the intestine penetrates both 
organs, 2) the presence of Astrablue-positive debris in its 
lumen, and 3) elongate, ciliated columnar cells. 
B. The kidney. The kidney is a tubular gland, 
light-brown in color, consisting of non-ciliated columnar 
epithelial cells which contain large, concentrically layered 
spherules (Figures 12-69; 12-70). These spherules appear to be 
liberated into the tubular lumen. 
C. The gonad. The Astarte gonad consists of three 
anatomical units: a tubular, germinative portion, ciliated 
gonoducts, and a gonopore. The germinative portion of the 
Astarte gonad consists of a large number of tubules surrounded by 
a network of thin muscle fibers. Germinative cells and mature 
gametes are arranged more or less symmetrically around the 
tubular perimeter. The testes of mature Astarte contain a full 
complement of all maturational stages and mature sperm the year 
round (Figure 12-71). The testes of many Astarte are often 
observed to contain large numbers of dense residual bodies which 
seem to be formed from the fusion or coalescence of non-viable 
germ cells (Figure 12-72). Regardless of season, the ovaries of 
the Astarte collected in the OCS study areas always contain ripe, 
post-vitellogenic eggs (Figure 12-73). Mature eggs are 
surrounded by several layers of mucoid material which stain with 
PAS and Astrablue. Saleuddin (1964) indicates that there are two 
principal mucoid layers surrounding the eggs of Astarte, an inner 
"gelatinous" layer and an outer "sticky" layer. Saleuddin 
further suggests that, 
"The direct development (the eggs of Astarte undergo direct 
development and hatch as miniature adults-author's note) 
would account for the large quantity of yolk in the egg, the 
thickness of the acid mucopolysaccharide layer which is 
protective and may be used as food, and the presence of the 
outer adhesive layer which will fix the embryo during its 
development and maintain it near the habitat of the adults." 
The gonoducts of Astarte carry mature gametes to the 
gonopore. The ducts are lined by ciliated columnar epithelial 
cells and are surrounded by several layers of thick muscle fibers 
(Figure 12-74). 
The gonoducts open into the suprabranchial chamber at a 
rather conspicuous papilla or gonopore (Figures 12-69b; 12-75). 
In cross-sections the papilla has a clam-shell appearance. 
III. The connective tissue cells of the visceral mass 
include blood cells, glycogen storage cells, and the so-called 
storage vesicles. 
A. The blood cells. A. castanea and A. undata contain 
both agranular and granular blood cells (Figure 12-76). The 
blood cells range in diameter from 8 to 12 ~m, their bean-shaped 
or round nuclei range from 6 to 8 ~m in diameter. The agranular 
blood cells are rather nondescript cells resembling the agranular 
blood cells of other lamellibranchs (see Cheney 1971; Sparks 
1972; Cheng 1975). The granular blood cells contain small, 
0.5-1 ~m-diameter, acidophilic granules. The granular blood 
cells not uncommonly contain dense, acidophilic inclusions in 
their cytoplasm. Multinucleated granular blood cells are also 
observed. 
B. The glycogen storage cells. These cells are quite 
large ranging in diameter from 20-60 ~m; their nuclei are 
positioned peripherally. The cytoplasm of these cells stains 
intensely after treatment of sections with PAS; PAS staining is 
greatly reduced after treatment of sections with diastase thus 
indicating that the cells contain glycogen. The glycogen storage 
cells are abundant in both the visceral mass and mantle of 
Astarte. 
c. The storage vesicles. The storage vesicles, 
so-named by Saleuddin (1965), are branched, cord-like structures 
of unknown function or affinity which are found in the visceral 
mass and mantle of Astarte (Figures 12-66; 12-67). In the 
visceral mass, the storage vesicles are closely apposed to the 
ductules of the digestive diverticula. In cross-section, the 
vesicles are round to ovoid and measure 40-60 ~min diameter. 
Histologically, the storage vesicles are seen to consist of 
moderately large cuboidal or wedge-shaped cells surrounded by a 
network of fine fibrils. Distally, at their basal margins, the 
storage vesicle cells are closely apposed; medially, the apical 
margins of the cells face a narrow extracellular or lumenal space 
which is filled with numerous, very small (<0.5 ~m) basophilic 
granules. The basophilic granules stain heavily (blue-purple) 
with toluidine blue 0, and with Mayer's and Harris' hematoxylin. 
They do not stain with astra blue. The granules are 
Feulgen-positive. The nucleus of the storage vesicle cells is 
located basally within the cells; the cytoplasm of these cells is 
filled with granules or "droplets", as Saleuddin (1965) has 
termed them, which range in diameter from 1 to 5 ~m. These 
granules typically, but not always, stain with Astrablue. 
Saleuddin (1965) indicates that the granules decrease in number 
in starved individuals. 
D. The foot. The foot of Astarte is well-developed. 
There is a prominent, well-defined median grove which extends 
along the anterior two-thirds of the foot (Figure 12-77) and a 
byssus gland which opens into it posteriorally. Histologically, 
the foot is characterized by a ciliated epithelium, numerous 
mucoid glands, and three distinct bands of muscle (see Saleuddin 
1965, for details). 
E. The gills. The gills of Astarte resemble those of 
other eulamellibranchiate types (Figures 12-69; a,b; 12-78). 
According to Saleuddin (1965) the 
"two demibranchs which compose a single ctenidium are 
unequal in size, the inner one being a little less than 
double the size of the outer. It is simple, being 
hemorhabdaic and non-plicate and having scanty connective 
tissue (Ridewood 1903). --- Ridewood considers the gills to 
be primitive on account of the freedom of the gill axis at 
the posterior end." 
Symbionts associated with Astarte. 
I. Sporocysts associated with Astarte. Both Astarte 
castanea and A. undata were parasitized with the larvae of 
bucephalid trematodes. Branching sporocysts containing germ 
balls and furcocercous cercariae were found ramifying throughout 
many of the soft tissues of the clam (Figures 12-79; 12-80; ~·f., 
Cheng and Burton 1965; 1966). The parasite penetrated and spread 
throughout gonadal tissues, vascular spaces, and, in heavily 
infected parasitized clams gonadal tissues were greatly reduced. 
Sporocysts did not invade heart, kidney, muscle, or the ducts and 
ductules of the digestive diverticula. The host response to the 
sporocyst was minimal. 
10.7% of Astarte castanea and 0.7% of A. undata were 
infected with sporocysts; 17.5% of the female A. castanea and 
6.3% of the males were parasitized. 
II. Cytoplasmic inclusion bodies. DNA - positive 
cytoplasmic inclusion bodies, ranging in diameter from 12-17 ~m, 
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were found in the apical regions of the epithelial cells of the 
stomach and digestive diverticula (Figure 12-81); 8% of Astarte 
castanea and 7% of A. undata were infected with the apical 
inclusions. The inclusions were well-preserved by both 
phosphate-buffered aldehyde mixtures and Dietrich's fluid. Even 
in heavily infected individuals the inclusions were never common 
and in a given section six to 10 might be counted. The 
inclusions contained small, 0.5-1.0 ~m diameter granules or 
fibrils, which stained with the acid-Feulgen technique for DNA. 
We have also noted similar inclusion bodies in the digestive 
diverticular cells of Placopecten (see below). Harshbarger et 
al. (1977) have recently found intracytoplasmic, basophilic 
inclusion bodies, reminiscent of those found in Astarte and 
Placopecten, in the digestive tract epithelial cells of three 
near-shore lamellibranchs (Mercenaria mercenaria, Mya arenaria, 
and Crassostrea virginica). The authors indicated~n the basis 
of ultrastructural evidence, that the inclusion bodies contained 
chlamydia-, rickettsia-, and mycoplasma-like organisms. 
III. Nuclear inclusions. Round, acidophilic, nuclear 
inclusion bodies resembling hypertrophied nucleoli or viral 
inclusion bodies were observed in the digestive diverticular 
epithelial cells of 6.1% of Astarte astanea and 1.9% of A. undata 
(Figure 12-82). The inclusion bodies ranged in diameter from 3.5 
- 7.5 ~m. Nothing is known about the genesis or etiology of this 
"disease", or whether, in fact, the inclusion bodies are 
manifestations of a disease process. 
IV. Intracellular protozoans of the digestive diverticula. 
Intracellular protozoans were seen in the epithelial cells of the 
terminal digestive diverticular ductules of both Astarte and 
Placopecten (Figures 12-83; 12-84). These organisms were round 
to oval in cross-section, were approximately 15 ~m in diameter, 
and possessed a number of small 1-4 ~m-diameter, DNA-positive 
"micronuclei". The organism did not possess a discrete 
macronucleus. A moderately large (2-3 ~m) vacuole (Figure 12-83) 
was observed in the cytoplasm of these protozoans; this vacuole 
was shown, histochemically, to contain acid mucopolysaccharides. 
Externally, a number of fibrils - probably cilia - were observed 
flattened down against the pellicle of the organism. It was 
evident that these organisms were able to reproduce themselves 
while in the host cells, since it was not uncommon to observe 
them in the process of dividing (Figure 12-84). The organisms 
were never observed in large numbers in the host nor did they 
seem to elicit pathological reactions. 
The infection rate of Astarte clams with this organism was 
moderately low: A. castanea, 4%; A. undata, 3%. 
Mollusca: Placopecten magellanicus 
Placopecten magellanicus (Lamellibranchia, Anisomyaria, Pectinidae) 
The giant scallop inhabits the colder waters off the Atlantic 
coast from Labrador to Cape Hatteras (Abbott 1954; Culliney 1974) and 
is the object of a regional fishery in both eastern Canada and New 
England. 
Biologically, these scallops are interesting, not only because 
they are mobile and possess "eyes", but also because of their 
longevity--they may live 10-12 years (Stevenson and Dickie 1954; 
Merrill et al. 1966); because they may serve as a refuge for small red 
hake (Wigley and Theroux 1971; Musick 1974) and because they are 
parasitized by green algae (Naidu 1971; Stevenson and South 1974). 
Distribution. Giant scallops were taken at stations N3, El, Fl, 
11, Al, and Bl. They were most abundant at Station El (Table 12-26). 
Gonads and gonadal maturation. The giant scallop, in contrast to 
many of the other Pectinidae, was not hermaphroditic (see Merrill and 
Burch 1960; Reddiah 1962); males and females occurred in equal numbers 
and were of equal size. Sexually mature males ranged in size between 
51 and 150 mm, sexually mature females between 61 and 130 mm. 
On the basis of histological evidence it was deduced that 
Placopecten magellanicus from the OCS study areas began spawning 
during early summer and that spawning terminated during the late fall. 
This conclusion was predicated on the finding that spent and 
"recovering" gonads - indicative of recent spawning activity - were 
only observed in scallops taken during the summer and fall. 
Histology. Those who may not be familiar with the anatomy of the 
scallops may wish to consult Drew (1906), Dakin (1909), and Gutsell 
(1930). 
The pectinids or scallops are a somewhat atypical lamellibranch 
family which evolutionarily, anato~ically, and behaviorally are far 
removed the Astarte clams described above. Of interest to t~e 
comparative morphologist is the fact that 1) the scallops possess 
"eyes" and 2) the principal organs of the scallops tend to exist as 
anatomically distinct and separate units. The gonads, stomach and 
digestive diverticula, and kidney are not in intimate association in a 
visceral mass as they are in Astarte and other lamellibranchs. 
Histologically, there are few major differences between the scallops 
and other lamellibranch families; the arrangement and form of the 
cells and tissues of the major organs and anatomical units of both the 
scallops and the Astarte clams (described above) is remarkably 
similar. 
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Table 12- 26. Numbers and distribution of Placopecten magellanicus taken on 8 benthic trawl cruises. 
I-> 
N Numbers of ., Stations '-.! ~ Scallops \.0 
per Station C2 Dl N3 El Fl Jl Il Al Bl 
Numbers 0 0 7 63 9 0 27 21 37 
The material presented below will focus on four organs and 
anatomical systems in Placopecten magellanicus, the digestive 
diverticula, the gonad, the kidney, and mantle. 
The digestive diverticula. As in the Astarte clams (~·~·) the 
digestive diverticula of Placopecten magellanicus is composed of a 
number of ducts and blind-ductules which originate in the wall of the 
stomach (Figure 12-85). The ducts which communicate with and link the 
terminal ductules with the stomach are ciliated throughout (Figures 
12-86; 12-87). The cilia-bearing cells are not distributed evenly 
around the duct lumen but are concentrated in a ciliated tract. The 
non-ciliated cells of the ducts are elongate columnar cells bearing 
microvilli at their apical surfaces (Figure 12-87). The partitioning 
of the duct epithelial cells into ciliated and non-ciliated tracts has 
also been observed in the ducts of the digestive diverticula of 
Mytilus edulis by Field (1922). Circular muscles lie immediately 
below the basement membrane of the duct epithelial cells. 
The ciliated ducts give way rather abruptly to blind terminal, 
ductules. The terminal ductules of K• magellanicus are packed very 
closely together (Figures 12-86; 12-88; 12-89); Dakin (1909) also 
makes note of this: "In Pecten this (the ductules - author's note) 
makes up practically the whole of the gland, for there is no great 
development of vesicular connective tissue as seen in the oyster." 
The epithelial cells of the terminal ductules contain two cell types, 
a basophilic cell and an absorbtive cell (Figures 12-88; 12-89) and 
are encased by a network of fine muscle fibrils. The basophilic 
ductular cells are clustered in nests and are intersperced among the 
more numerous and layer absorbtive cells. The basophilic cells do not 
contain the prominant apical, acidophilic granules typical of the 
basophilic ductular cells of Astarte (q.v.) and other lamellibranchs, 
neither do they appear to be ciliated.-The absorbtive cells of P. 
magellanicus resemble those of Astarte (~·~·>· In~· magellanicus the 
spherules of the absorbtive cells may assume large proportions -
spherules exceeding 30 m in diameter in the absorbtive cells of P. 
magellanicus have been noted (Figure 12-89). The accumulation of 
large spherules in the cytoplasm of the absorbtive cells causes the 
apical portions of these cells to protrude into the ductular lumen; in 
ductules with many protruding absorbtive cells the ductular lumen may 
be completely obscured (Figure 12-88). 
The reproductive organ. As indicated above Placopecten 
magellanicus, unlike the majority of other scallops, is not 
hermaphroditic. The reproductive organ, consisting of two gonopores 
located near the kidney, gonoducts (Figures 12-92; 12-94), and 
numerous gonadal lobules or alveoli, is a tongue-like mass attached to 
the adductor muscle (see Drew 1906, and Dakin 1909, for a more 
complete gross anatomical description of the reproductive organ). 
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The gonoducts are simple tubular structures and are seen to 
consist, histologically, of ciliated epithelial cells surrounded by a 
thin layer of muscle cells. 
The gonoducts communicate with clusters of sack-like gonadal 
lobules (alveoli, follicles). The lobules consist of germinative 
cells and nurse or supportive cells; in mature individuals, the 
lobules contain ripe gametes. The lobules are surrounded by a thin 
layer of connective tissue. The various maturational stages of the 
germinative cells of the scallop gonad have been well-studied (Coe 
1945; Merrill and Burch 1960; Reddiah 1962) and will not be described 
in detail herein. 
As in many other lamellibranchs, the gonads lobules of 
Placopecten magellanicus may exist in one of four primary 
physio-morphological states or conditions: 1) the immature state, 2) 
the matured state; 3) the spent state; and 4) the regenerating state. 
The immature gonad is characterized by the absence, in the male, of 
spermatids and sperm and, in the female, by the absence of large, 
previtellogenic ova or ripe ova. The germinative epithelium is 
reduced in both sexes and the lobular lumen patent and void. The 
mature gonad contains mature or nearly mature gametes (Figures 12-90; 
12-91). The spent gonad contains residual gametes (Figure 12-92). 
Spent ovarian lobules present with a thin, reduced germinal epithelium 
in which a few small previtellogenic oocytes are scattered at 
intervals around the lobular walls (Figure 12-93). In male scallops, 
the lumena of the gonadal lobules may be filled with blood cells 
(Figures 12-94). The spent gonad is observed in scallops taken during 
the summer and fall. Regenerating gonads are also observed in 
individuals taken during the summer and fall. The regenerating gonad 
is characterized by an admixture of lobules that contain fully mature 
gametes and lobules that contain large numbers of secondary 
spermatocytes and spermatids in males and previtellogenic ova in 
females (Figure 12-95). 
The kidneys. The paired kidneys of Placopecten magellanicus are 
elongate, glandular structures, brown in color, which are attached to 
the anterior surface of the adductor muscle on each side of the 
visceral mass. The kidneys lie directly on the adductor muscle and 
are separated from it by connective tissue. Histologically, the 
kidney parenchymal cells of P. magellanicus resemble those of Astarte. 
These cells are columnar, non-ciliated, and usually contain a large, 
brown-colored excretion body. 
The mantle. The mantle of ~· magellanicus and other scallops is 
a polyfunctionally structure involved in shell deposition, reception 
of stimuli, and locomotion (Drew 1906; Dakin 1909). Anatomically and 
histologically the mantle of the giant scallop resembles the mantle of 
other lamellibranchs (c.f. Field 1922; Kawaguti and lkemoto 1962; 
Galtsoff 1964; Kawaguti T966). The free margin of the mantle is 
thickened and presents three lobes or folds (Figure 12-96), an outer 
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shell lobe, a middle opthalmic lobe, and an internal velar lobe. 
These lobes bear tentacles, in addition, the opthalmic lobe bears a 
number of eyes. 
Externally, the mantle is covered with several types of 
epithelial cells including ciliated and non-ciliated columnar cells, 
acidophilic granular cells, mucous-producing cells, and · 
melanin-containing, pigment cells. In addition to these cell types, a 
group of specialized conchiolin-secreting epithelial cells, 
collectively called the periostracal gland, is located on the surface 
of the shell lobe. This gland extends from the point of union between 
the shell and opthalmic lobes to the tip of the shell lobe (Figure 
12-97). The mantle epithelial cells rest on a prominent basement 
membrane (Figure 12-98). The cells and tissues of the mantle are 
broadly catagorized into connective tissues, including the blood 
cells, nural elements, and muscle cells. The cells of the mantle are 
embedded, as it were, in an extensive acellular connective tissue 
matrix (Figures 12-96 through 19-99). The mantle appears to lack 
connective tissue storage cells. The mantle contains, in the area 
adjacent to the mantle lobes, a large neural tract, the circumpallial 
nerve and a large blood vessel, the circumpallial artery (Figure 
12-96, 12-99). From a histological point of view the most interesting 
structures in the mantle are the remarkable eyes associated with the 
opthalmic lobe (Figure 12-100). This is a complex structure (see Drew 
1906; Dakin 1909; Land 1966) in many ways equivalent to the eyes of 
cephalopods and vertebrates. 
Symbionts. 
I. Cytoplasmic inclusion bodies. Intracytoplasmic 
inclusion bodies closely resembling those seen in the digestive 
diverticular epithelial cells of Astarte, were noted in the 
diverticular cells of ~· magellanicus (Figure 12-101). These 
bodies ranged in diameter between 6 and 20 ~m. The 
smaller-diameter inclusion bodies were composed of small, 
0.5-1.5 ~ m diameter, basophilic granules; the larger-diameter 
bodies contained fibrillar, bacteria-like rods that measured 
slightly less than 0.5 }.lm in diameter. 
II. Intracellular protozoans of the digestive diverticula. 
Protzoans identical to those noted in Astarte (~·~·) were found 
in the digestive diverticular cells of ~· magellanicus. 
III. Protozoan spores. Spores bearing a marked resemblance 
to the spores of the gregarine sporozoan, Nematopsis (see Sprague 
1970) were observed in the epithelial cells of the intestine 
(Figure 12-102). They did not seem to elicit any overt 
pathological reaction. 
IV. Ectosymbiotic turbellarians. A number of small, 
egg-shaped turbellarians were found in close association with the 
gill filaments of the giant scallop (Figure 12-103). The 
turbellarians, ranged in their major axis diameter between 
100-400 J.l m. 
V. Inclusion bodies of the gill epithelial cells. The 
gill epithelial cells of the giant scallop contained large, 
sack-like inclusion bodies (Figure 12-104) filled with 
bacteria-like rods. The sacks varied in size and shape from 
small, 10 J.lffi diameter sacks to giant, sausage-like bodies 
exceeding 200 J.lffi in their greatest dimension. The bacteria-like 
rods measured approximately 0.5 by 2.5 ]Jm. These inclusion 
bodies were apparent in approximately 50% of the scallops 
examined. 
No reliable data were obtained on the prevalence of the 
first four symbionts noted in the text immediately above. The 
cytoplasmic inclusion bodies and protozoans found in the gut 
tissues of Placopecten magellanicus were very difficult to 
differentiate from host tissue. It was also demonstrated that 
the ectosymbiotic turbellarians were dislodged during fixation 
and processing. 
Echinoderms: The Asteroidea 
Astereias forbesi (Eleutherozoa, Asteroidea) 
Asterias forbesi is the common "starfish" of the inshore waters 
of the eastern United States seacoast and has been and continues to be 
the scourge of the New England and Long Island oyster industry (see 
Galtsoff and Loosanoff 1939). A. forbesi ranges from Penobscott Bay, 
Maine, to Lower Matecombe Key, Florida, and to Pensicola, Florida, in 
the Gulf of Mexico (Clark, quoted by Galtsoff and Loosanoff, 1939). 
Distribution and length-frequency data. Asterias forbesi was 
taken at stations C2, D1, N3, E1, F1, and B1 and was most abundant at 
stations C2 and D1 (Table 12-27). A striking relationship between the 
depth of a given station and the average size of individuals was noted 
(Table 12-27): A. forbesi collected in shallow waters were smaller 
than thos collected in the deeper waters. The data also suggested 
that at those stations where A. forbesi was relatively abundant (C2 
and D1) individuals tended to-be smaller. A similar relationship 
between depth, size, and abundance was noted for !• vulgaris. This 
observation will be discussed below. Lastly, it was noted that few 
large !• forbesi were taken during the fall (Table 12-27). 
Gondads and gonadal maturation. The data indicated that male and 
female A. forbesi were of the same length and occurred in equal 
numbers. Mature gonads were noted in·individuals as small as 55 mm in 
diameter. The data also suggested that A. forbesi from the 
continental shelf area exhibited cyclic reproductive activity (Table 
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Table 12-27. Length-frequency distribution of Asterias forbesi by station and season indicating the 
average size (diameter) of individuals from a given station and the depth, in meters, 
of the stations, 
·Length in ~ _, . . . ' . ' 
. 
' Stations Seasons 10 rom 
Intervals C2 Dl N3 Bl El Fl F w Sp 
11-20 2 2 
21-30 4 4 1 4 3 1 
31-40 2 9 4 3 2 
41-50 2 5 1 1 4 2 
51-60 1 5 1 2 2 1 
61-10 4 5 1 1 1 2 6 
71-80 1 2 5 1 1 4 1 
81-90 1 3 1 4 1 1 3 3 
91-100 2 9 2 1 3 1 6 6 
101-110 7 1 3 2 1 1 5 5 
111-120 1 2 3 1 1 3 
121-130 1 1 1 2 
131-140 1 1 
141-150 1 2 1 2 1 
151-160 1 3 1 2 
Totals 20 51 12 15 14 7 17 :36 36 
-
X (diameter) 55.5 68.6 88.0 101.5 119.8 94.1 
Depth in meters 24 36 45 64 67 85 
Su 
1 
2 
1 
2 
1 
3 
5 
4 
3 
3 
1 
1 
3 
30 
12-28), with A. forbesi spawning during the spring and summer. This 
histologically-based estimate of the breeding period of A· forbesi was 
found to agree with estimates of other workers. According to Mead 
(1901), A. forbesi from New England waters spawns in June; Galtsoff 
and Loosanoff (1939) indicated that A. forbesi from Long Island Sound 
spawns from the middle of June to the end of August. Boolootian 
(1966) compared the breeding periods of A. forbesi from the waters 
north and south of Cape Cod and found that animals taken from the 
north spawned during the summer; those from the south may have spawned 
twice-during the winter and during the early spring. 
Asterias vulgaris (Eleutherozoa, Asteroidea) 
Asterias vulgaris, the ''purple starfish", occurs from Labrador to 
Cape Hatteras, N.C. and has been reported from the littoral zone to 
depths of 300 meters (Galtsoff and Loosanoff 1939). This species is 
found in cooler waters than its congener, A. forbesi and has been 
shown to be less tolerant of high temperatures than A. forbesi 
(Huntsman and Sparks 1924). 
Distribution and length-frequency data. A· vulgaris was taken at 
stations D1, N3, E1, F1, I1, A1, and B1 and was most abundant at 
stations N3 and D1. A curious relationship (referred to above) 
between the size and numbers of individuals and the depths at which 
they were collected was noted (Tables 12-29; 12-30). It was apparant 
that A. vulgaris was more abundant - but smaller in size - in the 
shallower waters of the continental shelf. Barring serious collection 
artifacts, this observation could be a reflection of, 1) larval 
distribution patterns; 2) the suitability of a given environment for 
juveniles; 3) intra-or interspecific competition for limited food 
resources; 4) intraspecific genetic and physiological variations; or 
5) combinations of the above factors. In this regard, Smith (1940) 
noted a relationship between the size and abundance of A. vulgaris in 
the waters of Malpeque Bay, Canada. Smith observed that, 
"--- the modal size of the starfish tended to be larger where the 
starfish were less abundant which indicates that few starfish 
would have more to eat per individual and become larger." 
Gonads and gonadal maturation. Female Asterias vulgaris 
outnumbered males 1.5:1 and were larger than males (X females = 74.5 
mm; X = 41.9 mm). Sexually mature individuals as small as 35 mm were 
noted. Like A. forbesi, A. vulgaris exhibited cyclic reproductive 
activity (Table 12-31), with A. vulgaris spawning during the winter 
and spring months. This estimate of the breeding period of !• 
vulgaris agrees with the estimates of other authors. According to 
Smith (1940), A· vulgaris from Malpeque Bay, Canada, spawns during May 
and early June. Boolootian (1966) observed that A. vulgaris from Cape 
Cod waters spawned during late spring. 
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Table 12~28. Numbers of Asterias forbe$~ with immature, Stage 2 gonads 
(primary sperm,atocytes and previtellogenic oocytes present, 
mature gametes absent; cf. Ruddell 1977) and mature Stage 3 
gonads related to the season in which they w·ere collected. 
• Males and femb.les are Cbtnbined ,r 
Gonadal Cycle 
Season 2 3 
:Fall and Hinter 17 8 
Spring and Summer 2 42 
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Table 12- 29. Length-frequency distributions of Asterias vulgaris by station indicating the average 
size (diameter) of individuals taken at a given station and the depth, in meters, of 
the stations. 
Diameter in Stations 10 mm 
Intervals Dl N3 Bl El Il Fl Al 
11-20 1 
21-30 1 11 1 
31-40 14 12 5 2 
41-50 10 14 10 2 3 
51-60 14 9 3 7 4 2 3 
61-70 6 7 7 8 8 1 1 
71-80 2 5 3 7 5 1 2 
i-1 81-90 1 3 6 3 3 N 
'i 91-100 4 2 2 1 1 00 
'-.1 101-llO 1 2 1 4 2 
111-120 1 1 
121-130 1 1 1 
131-140 3 
141-150 1 2 
151-160 1 
161-170 
171-180 1 
181-190 
191-200 1 1 
201-210 1 
Totals 49 58 39 41 35 10 10 
X (diameter) 50.8 46.2 64.0 81.6 84.9 75.0 84.5 
Depth in meters 36 45 64 67 79 85 91 
Table 12-30. 
Stations 
Mid-Shelf 
Outer-Shelf 
Shelf-Break 
Data indicating the relationship between the size and abun-
dance of Asterias vulgaris and the depth at which collections 
were made. The data have been grouped with respect to shelf 
location, i.e., mid-shelf (stations Dl and N3), outer-shelf 
(stations Bland El), and shelf-break (stations Il, Fl, Al). 
• t ·. 
Average Depth (m) X (diameter) Nos. Individuals 
40.5 48.3 107 
65.5 73.0 80 
85.0 83.0 55 
Table 12-31. Numbers of Asterias forbesi with immature, Stage 2 gonads 
(cf. Table 12-28) and Stage 3, mature gonads related to 
the season in which they were collected. Males and 
females are combined. 
Gonadal Stage 
Season 2 3 
Winter 9 42 
Spring 10 16 
Summer 12 0 
Fall 10 2 
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Astropecten americanus (Eleutherozoa, Asteroidea) 
Distribution and length-frequency data. Astropecten americanus 
was found at stations E1, F1, J1, I1, and A1. Individuals from J1 
were smaller than those from other stations (Table 12-32). 
Gonads and gonadal maturation. Males and females occurred in 
equal numbers and the sexes were equivalent in length. A. americanus 
began producing mature gametes at 39 mm in diameter. Reproductive 
activity in this sea star was apparently not cyclic as mature gametes 
were found in the gonadal lobules the year round. 
Histology of the Asteroids 
The histological descriptions presented below will be limited to 
the more obvious anatomical structures that were encountered during 
histopathological examination of three sea star species. Those 
readers desiring a more complete treatment of sea star anatomy and 
histology are referred to Chadwick (1923), Hyman (1955) or any of the 
authors alluded to in the text below. 
Structures observed in cross-sections of sea star arms. Elements 
of the following organs and anatomical systems can be observed in 
cross-sections of asteroid arms or rays: 1) the body wall and 
endoskeleton; 2) the body wall appendages; 3) the coelomic cavity; 4) 
the water vascular system; 5) radial nerve; 6) the gonad; 7) the 
pyloric caeca (Figures 12-105; 12-106). 
I. The body wall and endoskeleton. The body wall 
consists of those primary layers, an outer epidermal-nemosensory 
layer, a middle layer, and an inner epithelial layer which lines 
the coelomic cavity (Figure 12-107). 
The outer epidermal-neurosecretory layer contains ciliated 
and non-ciliated columnar epithelial cells, mucous gland cells, 
pigment-containing cells, and neurosensory cells. Externally, 
the epidermal cells are covered with a cuticle (see Hyman 1955). 
The middle layer (Figures 12-107 through 12-110) consists of 
fibrous connective tissue, muscle cells, and, in certain portions 
of the body wall, embedded in fibrous connective tissue, and 
endoskeleton consisting of calcareous, fenestrated ossicles. The 
fenestrations are filled with connective tissue cells (Figure 
12-108). In routine histological sections, the ossicles can be 
easily identified by their latticework appearance, the 
latticework consisting of regularly-spaced ossicular connective 
tissue cells (Figures 12-106, 12-108, 12-109, 12-110). The 
skeletal elements of echinoderms have elicited the interest of 
many investigators; those readers who may wish to learn more 
about them should consult Hyman (1955); Raup, (1966); Moss and 
Table 12-32. Length-frequency data for Astroeecten americanus by station. 
Length in 10 mm 
Intervals El F1 Jl Il Al 
11-20 1 7 
21-30 11 1 9 
31-40 10 1 8 2 
41-50 6 5 3 
51-60 3 4 2 12 7 
61-70 12 10 1 9 6 
71-80 3 12 8 16 
81-90 3 11 2 11 
91-100 2 3 4 
101-110 2 2 1 
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Meehan (1967, 1968); Nichols and Currey (1968); Heatfield (1971); 
Heatfield and Travis (1972); Jensen (1972); and Eylers (1976). 
The inner layer of the body wall consists of ciliated, 
cuboidal epithelial cells (Figure 12-107) which line the coelomic 
cavity. 
II. The body wall appendages. Four types of appendages 
can be seen extending from the body wall of the asteroids under 
consideration: spines, pedicellariae, papulae, and podia. 
In Asterias forbesi and !• vulgaris spines are scattered on 
the aboral and lateral surface of the arms and disk (Figures 
12-106, 12-109, 12-110; also see Chadwick 1923). The spines 
consist of a calcareous rod-like ossicle covered with dermal and 
epidermal elements. In Asterias, the spines, particularly those 
which guard the ambulacral groove may bear pedicellariae (Figures 
12-106, 12-109, 12-110). 
The pedicellariae of Asterias resemble.stalked jaws (Figures 
12-109, 12-110). They have a rather complex structure (see 
Chadwick 1923), and consist of three skeletal elements and 
attached muscles. Jawed-pedicellariae were not observed in 
Astropecten americanus. It is generally considered that the 
pedicellariae of asteroids are employed defensively; however, 
Menge and Menge (1974) and Wobber (1975) indicate that Piaster 
may use pedicellariae offensively. 
The papulae are thin evaginations of the body wall which 
function as respiratory organs (Figures 12-106, 12-107, 12-111; 
also see Farmanfarmaian 1966). Histologically they resemble the 
body wall (Figure 12-107). Chadwick (1923) observes that the 
papulae or dermal branchiae are 
"--- highly sensitive to mechanical, thermal, and chemical 
stimuli. --- Deficiency of oxygen in the surrounding water 
causes prolonged contraction; if the starfish be transferred 
to water containing oxygen in abundance the branchiae 
immediately respond by the fullest extension." 
The podial or tube feet occur in two rows in each ambulacral 
groove (Figures 12-105, 12-106). They are provided with 
well-developed suckers (see Chadwick 1923, and Hyman 1955 for 
histological descriptions of the asteroid podia). 
III. The coelom. The coelom of the asteroids is 
partitioned into a number of compartments or sinuses (see Hyman, 
1955). The spacious coelomic cavity of the asteroid arm is lined 
by a layer of low epithelial cells (Figure 12-107). Coelomocytes 
are often observed in the coelomic cavity. Vanden Bossche and 
Jangoux (1976) indicate that the coelomic epithelial cells are 
the sole origin of the coelomocytes in Asterias rubens. 
IV. The water vascular system. This system is represented 
in the cross-sections of the asteroid arm by the radial water 
canal and the ampullae of the podia (Figures 12-105, 12-106; also 
see Chadwick 1923; Hyman 1955; Nichols 1966; 1972; and Cobb 
1967). 
V. The radial nerve. In cross-section, the radial nerve 
appears as a thick, V-shaped mass found at the bottom of the 
ambulacral groove (Figures 12-105, 12-106, 12-112). This nerve 
is continuous with the subepidermal nerve plexus in the body wall 
and the circumoral nerve ring (Hyman 1955). The nerve is 
composed of nerve fibers and their processes, supporting cells, 
and fibrous elements (Figure 12-112; see Unger 1962, and Bargmann 
et al. 1962 for details of radial nerve structure). The 
supporting cells of sea stars are filled with secretory granules 
(Unger 1962; Imlay and Chaet 1967; Atwood 1973; Atwood and Simon 
1973) which apparently contain a "gamete shedding substance" 
(Imlay and Chaet 1967; de Angelis et al. 1972; Atwood 1973). The 
release of gamete shedding substance triggers the production of 
1-methyladenine in the non-germinal cells of the gonad which in 
turn induces germinal vessicle breakdown and spawning (see Shirai 
et al. 1972; Cochran and Kanatani 1975; Kanatani et al. 1976; 
Kubota et al. 1977). 
VI. The gonad. The gonads of the asteroids lie free in 
the proximal portion of the arms; each arm contains two gonads. 
At its proximal end, the gonad is attached near the 
interbranchial septum. The gonopore is located at the point of 
attachment. 
The gonadal wall is complex and is composed of three 
elements or layers (see Walker 1974): 1) an ·outer "sack" of low, 
ciliated visceral peritoneal cells which are continuous with the 
epithelial cells which line the coelomic spaces, 2) the genital 
(perihaemal) coelomic sinus, and 3) an inner layer consisting of 
the haemal sinus and cells associated with this sinus. The inner 
wall of the haemal sinus layer serves as a basement membrane for 
the germinal epithelium (Walker 1974). 
The germinal epithelium consists of follicular or nurse 
cells, gonia! cells, gametocytes, and mature gametes (Figures 
12-113 through 12-118). Histologically, the asteroid germinal 
epithelium resembles that of the other organisms described in 
this atlas. Those interested in a detailed description of the 
germinal epithelium of asteroids should see Boolootian (1966), 
Chia (1968), Kim (1968), Nimitz (1976). One should also be aware 
that as a class the echinoderms, in particular the echinoids, 
have been more intensively studied with regard to the 
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morphological and physiological aspects of gametogenesis and 
fertilization than virtually any other class. 
VII. The pyloric caeca. The pyloric caeca, also known as 
the digestive gland, branchial caeca, or hepatic caeca (Hyman 
1955) are glandular structures located in the arms of asteroids 
(Figures 12-105, 12-106). There are two pyloric caeca or 
diverticula in each arm each suspended by two longitudinal 
mesenteries which enclose between them a portion of the 
epigastric coelom (Anderson 1953; Hyman 1955). The caeca are 
tubular glands consisting of a central duct, the pyloric duct, 
and smaller ductules which radiate from the central duct. The 
ductules, termed "pouches" by Anderson (1953), communicate 
broadly with the central duct. According to Anderson (1953) the 
ductules or pouches are further subdivided by a series of folds 
into secondary and tertiary bays. 
Histologically, the pyloric caeca resemble other alimentary 
structures (c.f. Anderson 1954; Hyman 1955). The caecal wall is 
quite complexand consists of four primary layers: 1) an outer 
epithelial layer, 2) a connective tissue - muscle layer; 3) a 
nervous or neurofibrillar layer; and an inner, glandular 
epithelial layer (Figures 12-119, 12-120). 
The outer epithelium consists of a layer of cuboidal 
ciliated cells intersperced with acidophilic granular epithelial 
cells (Figure 12-120; also see Jangoux and Perpeet 1972) and is 
continuous with the epithelium (parietal peritoneum) which lines 
the various coelomic sinuses. The acidophilic granular 
epithelial cells are relatively common in Astropecten americanus 
and sparsely distributed in Asterias forbesi and !· vulgaris. 
Arising from the epithelial cells are processes, some of which 
appear to connect with muscle fibers of the second layer and some 
of which appear to fuse with connective tissue fibrils adjacent 
to the neurofibrillar layer. 
The second layer is composed of muscle cells and connective 
tissues. This layer is divisible into an outer muscular 
sublayer, consisting of outer longitudinal muscles and inner 
circular muscles, and an inner connective tissue sublayer (Figure 
12-120). The connective tissue sublayer is composed of fine 
connective tissue fibrils intersperced with cells. These cells 
may be fibrocytes. According to both Anderson (1954) and Jangoux 
and Perpeet (1972) the connective tissue fibrils found in this 
layer are of two types, collagenous and elastic. Anderson (1954) 
notes that the connective tissue sublayer in the stomach wall of 
Asterias forbesi 
"--- appears to serve as the basement membrane of the 
(glandular) epithelium and throughout its distribution sends 
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short, branching fibers into the nerve layer and into the 
muscular layers". 
The fibrocyte-like cells contain, in Astropecten americanus, 
acidophilic granules (Figure 12-120a). 
The nervous or neurofibrillar layer is in intimate 
association with the basal processes of the epithelial cells of 
the glandular layer. Chadwick (1923) observes that in the wall 
of the pyloric caeca of Asterias "There is a well-marked nerve 
layer traversed by bundles of the filiform inner ends of the 
spithelial cells". Anderson (1954) and Jangoux and Perpeet 
(1972) confirm this observation. 
The inner, glandular epithelial layer consists of ciliated 
and non-ciliated cells. According to Anderson (1953), there are 
four principal epithelial cell types in the pyloric caeca of 
Asterias, current-producing cells, zymogen cells, storage cells, 
and mucous cells. Jangoux and Perpeet (1972) indicate that there 
are only three cell types, a ciliated "banal" cell which appears 
to function both as a current-producing cell and as an absorbtive 
cell, a granular cell, and a mucous cell. 
Sections of the disk. All the primary anatomical systems found 
in the asteroids are represented in sections of the disk. In lieu of 
describing the histology of and the complex interrelationships between 
these systems, which is clearly beyond the scope of this work, some of 
the major structures observed will be described in four photo-
micrographs of the disk of Asterias vulgaris. 
The first photomicrograph to be described represents a transverse 
or cross-section of the disk passing through the madreporite and 
incorporating portions of two adjacent arms (Figure 12-121). 
Digestive or alimentary tissues, gonadal (ovarian) tissues, tube feet 
or podia, radial nerve, and various body wall appendages are 
immediately obvious. The curious scroll-like structures and the 
perforated plate which lies immediately above the scrolls are 
structures associated with the water vascular system. The perforated 
plate is the madreporite. The madreporite is a calcareous plate which 
is traversed by numerous pores and canals; these pores are well 
demonstrated in Figure 12-122. The pores and canals of the 
madreporite unite to collecting canals which open into an ampulla 
beneath the madreporite. From this ampulla a canal, called· the stone 
canal, proceeds orally and unites with the water ring (see Figure 
12-124). The stone canal contains spicules of calcite which led 
Tiedemann (1816) to refer to it as the "Steinkanal". The stone canal 
in cross-section presents a scroll-like configuration. The cells 
which line the stone canal are ciliated; according to Nichols (1966) 
the complicated partitioning of the stone canal may be a 
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device for increasing the surface area of the ciliary 
epithelium in the stone canal, though why this should be 
necessary in sea stars but not apparently in other groups is not 
easy to explain". 
In the cavity or sinus (the axial sinus) which surrounds the 
scroll-like stone canal one may observe several masses of tissue 
(Figures 12-121, 12-122). The dorsal or aboral mass is anchored in 
the axial sinus by mesenteries. This tissue is the axial gland. The 
axial gland 
"--- is an elongated spongy body, mostly brownish or purplish in 
color, referred to in the literature by a variety of names, as 
heart, ovoid gland, dorsal organ, septal gland, brown gland, etc. 
--- At its aboral end, the axial gland has an aboral extension or 
terminal process --- that is lodged in a separate closed sack ---
said to be contractile" (Hyman 1955, p. 285). 
The axial gland contains haemal elements; Hyman (1955) states that "a 
haemal plexus ascends in the axial gland, the cavities of which are in 
effect haemal channels". Histologically, the axial organ is composed 
of "a spongy mesh work of connective tissue, muscle cells, and poorly 
defined channels lined by irregular masses of cells containing 
granular inclusions" (Ferguson 1966). Various functions have been 
attributed to the asteroid axial gland including, that of a heart, the 
production of amebocytes, and the filtration of extraneous materials 
(see Ferguson 1966). 
The third photomicrograph to be described represents a 
cross-section through the oral region of Asterias vulgaris (Figure 
12-123); it incorporates elements of the digestive, water vascular 
haemal and nervous systems and the coelomic cavity. 
The persistome, mouth, and stomach are clearly portrayed. 
Histologically the stomach resembles the pyloric caeca (see above and 
Anderson 1954). Vorob'ev and Leibson (1976) find that epithelial 
cells of the stomach of Asterias amurensis contain nuclei with varying 
ploidy levels. A cytophotometric study of DNA levels of stomach 
epithelial nuclei reveal ploidy gradients from 2-32 in an aboral 
direction. 
The water vascular system is represented in this photomicrograph 
by the circumoral water canal and a Tiedemann body, seen as a 
sponge-like mass adjacent to the water canal. Although it is not 
obvious in this section, the Tiedemann bodies of the asteroids are in 
direct communication with the circumoral water ring (see Chadwick 
1923; Hyman 1955). The Tiedemann bodies consist, histologically, of 
numerous radiating tubules embedded in connective tissue and muscle 
fibers (Figures 12-123, 12-124; also see Bargmann and Behrens 1964). 
It has been hypothesized that the Tiedemann bodies may function either 
as hematopoietic organs or as water canal "filters" (see Ferguson 
1966). 
A conspicuous sinus (Figures 12-123, 12-124) is interposed 
between the Tiedemann body and water canal and the circumoral nerve. 
This sinus is the hyponeural ring sinus and is subdivided by a septum. 
Several small protuberances may be observed attached to this septum 
(Figure 12-124); these protuberances constitute the oral haemal ring. 
The circumoral nerve, or more correctly, the circumoral nerve 
ring is one of the principal nervous elements of the asteroids (Hyman 
1955). Histologically, it resembles the radial nerve (see above). 
Symbionts. 
I. Orchitophyra stellarum. The gonads of two male Asterias 
vulgaris and one male Astropecten americanus were infested with a 
number of elongate, rather nondescript ciliates, approximately 40 
~m in length. Blood cells were observed clustered around the 
ciliates. These ciliates were, in all likelihood, Orchitophyra 
stellarum, an Astomatid ciliate parasite of the gonads of 
Asterias (Cepede 1907; Smith 1936; Galtsoff and Loosanoff 1939; 
Vevers 1951). It has been hypothesized that infection of 
asteroids with this organism may result in the parasitic 
castration of the host. 
II. Many of the asteriads were found to have ectocommensal 
peritrich ciliates attached to their body surfaces (Figure 
12-125). 
Echinoderms 
Echinarachnius parma (Echinoidea, Eleutherozoa) 
Echinarachnius parama, also known as the sand dollar or 
cake-urchin, has a remarkable range of distribution. It is found 
along the Atlatnic coast of North America from Labrador to Cape 
Hatteras and on both sides of the Pacific Ocean (Coe 1912; Mortensen 
1948). E. parma lives, often partially buried, on clean, sandy 
bottoms and is a detritus feeder (see Stanley and James 1971). 
Distribution and length-frequency data. !• parma was found in 
abundance at depths of less than 70 m (stations C2, D1, N3, E1, and 
B1). A few individuals were also taken at stations F1 and I1 (Table 
12-33). E. parma ranged in diameter between 6 and 60 mm with a mean 
of approximately 34 mm. 
Gonads and gonadal maturation. The sex of sand dollars could be 
differentiated histologically in animals as small as 16 mm. Fully 
mature gametes were noted in sand dollars 20 mm or larger in diameter. 
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Table 12-33. Numbers of Echinarachnius ;earma by station. Stations are 
arranged by depth. 
Stations 
C2 Dl N3 Bl El Il Fl 
24 48 30 50 30 5 6 
Table 12-34. The seasonal change in the degree of gonadal maturation 
Stage 
Stage 2 
Stage 3 
in female Echinarachnius parma. Stage 2 ovaries contained 
only previtellogenic oocytes; stage 3 ovaries contained 
an admixture of fully "ripe" postvitellogenic eggs and 
immature ova. The sizes (diameters) of stage 2 and 3 
individuals were approximately equal (x stage 2 = 40 mm; 
x stage 3 = 42.6 mm). 
Season 
Fall Winter Spring Summer 
4 29 19 5 
9 0 1 14 
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Reproductive activity in !• parma was cyclic. Our data indicated that 
sand dollars from the OCS study areas spawned during the late summer 
and fall (Table 12-34). This conclusion was predicted on the 
observation that ovaries containing mature postvitellogenic eggs were 
rarely observed in individuals collected during the winter and spring 
(Table 12-34). Males were found to contain mature gametes the year 
round. Cocanour (1969) indicated that !• parma from Maine waters also 
spawned during the summer and fall months. 
Histology. Those workers who may be familiar with the anatomy 
and histology of the asteroids will have little difficulty in 
recognizing the various anatomical systems and organs in sections of 
Echinarachnius parma. Like the asteroids (see above),!· parma and 
other echinoids are pentamerically symmetrical and possess a coelomic 
cavity and water vascular system. As in the asteroids, a number of 
protuberances or appendages project from the body wall, and the middle 
layer of the body wall contains fenestrated calcareous structures. 
Although the alimentary system of E. parma is considerably modified 
from the asteroid pattern, both on-a macro- and microanatomical level, 
the structures associated with the alimentary canal of ~ parma may be 
easily identified as alimentary derivatives in any routine 
histological preparation. 
Those readers who may wish to obtain an overview of the anatomy 
and histology of E. parma are referred to MacBride (1906), Coe (1912) 
and Hyman (1955).-
The histological descriptions of !• parma will center on the 
following anatomical systems and organs: the body wall and its 
appendages, the digestive or alimentary system, the water vascular 
system, the axial gland, and the gonads. 
The body wall and its appendages. As in the asteroids (q.v.), 
the body wall of E. parma is three layered. The outer layer contains 
a variety of cell-types including ciliated, columnar epithelial cells, 
granule-containing cells, and neurosensory cells. The granule-
containing cells are abundant (Figure 12-126); histochemically, it can 
be shown that the granules contain acid mucopolysaccharides - the 
granules are P.A.S., and Astra blue-positive, and stain 
metachromatically with toluidine blue o. Granular coelomocytes are 
also quite often seen wedged among the epithelial cells of this layer. 
The middle or dermal layer contains muscular and connective tissue 
elements and the cells called calcoblasts, which secrete and maintain 
the calcareous spicules, spines, and plates associated with the body 
wall. The body wall musculature in E. parma and other echinoids is 
not extensive and is restricted to those muscles which operate the 
body wall appendages (Figures 12-126, 12-127). The echinoid 
calcoblast and the calcareous matrix that they aid in forming have 
been well studied (see Raup 1966; Moss and Meehan 1967, 1968; Klein 
and Currey 1970; Heatfield 1971; Campbell 1972; Heatfield and Travis 
1972; Jensen 1972). The inner layer consists of low cuboidal, 
ciliated epithelial cells which line the coelomic spaces or sinuses. 
The body wall appendages of E. parma include spines, 
pedicellariae, and podia. The irregular echinoids are also said to 
possess "minute, glassy or transparent, hard, solid bodies of oval or 
spherical shape borne on the ambulacral areas of all echinoids except 
cidaroids" (Hyman 1955) called sphaeridia. Spheridia were not 
observed in our routine histological preparations. The spines of E. 
parma are easily recognized in sections (Figure 12-127). Muscles are 
attached to the base of the spine; the core of the spine contains 
calcareous elements. Parker and Van Alstyne (1932) indicate that 
locomotion in E. parma is accomplished by the spines and not, as 
suggested by MacBride (1906), by the podia. In sections, the 
pedicellariae of E. parma are quite insignificant and may be 
recognized only by virtue of the fact that the bases of the 
pedicellariae contain a core of Astrablue-positive material (see Chia 
1969). The podia or tube feet in E. parma are of two types, 
ambulacral podia and respiratory podia (MacBride 1906; Coe 1912; 
Parker and Van Alstyne 1932). The ambulacral podia occur in the 
ambulacral bands and are also found around the edge of the test. They 
bear terminal suckers (Figures 12-127, 12-128); internally, the 
ambulacral podia connect with small ampullae. The terminal suckers 
are colored a deep pink (Parker and Van Alstyne 1932); in living 
animals, the pink podia, en masse, "give rise to a pattern 
which ••••••••• is often of striking appearance and symmetry" (Parker 
and Van Alstyne 1932). It is probably the coloration of the podia 
which, at least in untraumatized animals, is responsible for the 
reddish hue of sand dollars. It is interesting to note that if one 
mildly traumatizes the body wall of a freshly caught sand dollar by 
rubbing it gently with a finger, both the traumatized region of the 
sand dollar test and the finger will turn green. Coe (1912) states 
that 
In alcohol the (red) color (of E. parma; author's 
notes) changes to a dark green or brown ••••••••• Dried 
specimens are likewise dark green or brown. Verrill states 
that the fishermen sometimes make an indelible marking ink 
by grinding up the skins and spines of these 
animals ......... . 
Neither the function nor the composition of this podial pigment 
appears to be known. The respiratory podia of !· parma mark the 
outlines of the aboral "petals" (MacBride 1906; Coe 1912). In 
section, the respiratory podia are reminiscent of the dermal branchiae 
or papulae of the asteroids (Figure 12-129). The ampullae of these 
podia are extremely large (Figure 12-129). 
The digestive system. The digestive or alimentary system of E. 
parma is quite different from that of the asteroids (see above). It 
is neither pentamerically symmetrical nor does it arborize into 
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digestive caeca. In addition, a complex mastacatory apparatus 
peculiar to the echinoids, called Aristotle's lantern, is associated 
with the alimentary canal. According to Coe (1912), the alimentary 
canal of!· parma is composed of the following anatomical divisions: 
a mouth, jaws (Aristotle's lantern), esophagus, stomach, siphon, 
intestine, and rectum. The mouth is provided with five massive jaws 
(Figures 12-130, 12-134). The esophagus proceeds aborally from the 
jaws, bends anteriorally and enters the stomach. A small tube called 
the siphon originates at the junction of stomach and esophagus. This 
tube follows the inner curvature of the stomach as the stomach arcs 
around the coelomic cavity and finally rejoins the stomach at the 
junction of stomach and intestine (see plate 24 in Coe 1912). The 
stomach (Figure 12-131) is a large, flat sack which is located along 
its outer curvature. The intestine (Figure 12-132) continues 
anteriorally (away from the rectum) then bends sharply backwards and 
terminates in the rectum. 
Histologically, the wall of the alimentary canal of !• parma is 
similar to that of the asteroids. At the level of the light 
microscope, the wall is seen to consist of three layers (Figure 
12-133): an outer layer of ciliated (perivisceral) epithelial cells, a 
middle, musculo-fibrillar layer, and an inner layer of tall epithelial 
cells, many of which are ciliated. A ner.vous layer is not evident. 
The musculo-fibrillar layer, as in the asteroids (see above) is 
composed of two sublayers, an outer muscular layer .and an inner 
fibrillar or connective tissue layer. The fibrillar layer contains 
fibrils which stain with Astrablue and P.A.S., fibrocytes, and large 
numbers of coelomocytes. This layer is in direct communication with 
two large haemal channels which course over the stomach and intestine 
(Figure 12-132). These haemal channels in other echinoids apparently 
communicate with the axial haemal complex (see Anderson 1966 for 
further details). The epithelial cells of the inner layer rest on a 
prominent basement membrane. The majority of these cells are 
ciliated; mucous cells are also present but are found only in the 
epithelial lining of the mouth and esophagus. Tokin and Filimonova 
(1977) indicate that the epithelial cells of the alimentary canal of 
the regular echinoid, Stronglyocentrotus intermedius, contain mucous, 
zymogen, and absorbing cells and that the majority of the epithelial 
cells are multifunctional. 
The water vascular system. The water vascular system of !• parma 
follows the asteroid pattern (Figures 12-134, 12-135; also see Hyman 
1955 and Nichols 1966). The main water ring and the radial canals are 
rarely observed in our routine sections. 
The axial gland is a large spongy mass located below the 
madreporite and is in proximity to the stone canal (Figures 12-134, 
12-135). Histologically, the axial gland of E. parma resembles the 
asteroid axial gland (see above). Those readers who may wish to 
obtain detailed accounts of the morphology and function of the 
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echinoid axial gland are referred to Millott (1967, 1969) Vevers 
(1967) and Farmanfarmaian (1968). 
The gonads. E. parma has four brown-purple gonads (Coe 1912) 
which are suspended-by mesenteries from the inner surface of the 
interambulacra. The wall of the echinoid gonad is said to be composed 
of three primary layers: an outer (perivisceral) epithelial layer, a 
middle musculo-fibrillar (connective tissue) layer, and an inner layer 
containing germinative and supportive elements (Hyman 1955; Longo and 
Anderson 1969). Longo and Anderson (1969) report that the 
interstitial (supportive) cells of the spermiary of several regular 
echinoids are ciliated and may be phagocytic. The mature gametes and 
the cells of the germinal epithelium resemble those of the mollusca 
and the asteroids. The ovaries of mature sand dollars contain 
previtellogenic oocytes the year round (Figures 12-136, 12-137); fully 
mature eggs are found in the ovaries only during the summer and fall 
(Figure 12-137). Sperm are found in the spermiaries of E. parma in 
all seasons (Figure 12-138). 
Symbionts and lesions. 
I. Peritrich ciliates. Like the asteroids, E. parma served 
as a substrate for ectocommensal peritrich ciliates. 
II. Lesions of the body wall. A variety of notches, 
depressions, pigmented spots, small bumps, and large 
cauliflower-like tumors of unknown etiology were noted on the 
oral and aboral surfaces of small numbers (0.5%) of E. parma. 
The notches, found around the edge or ambitus of the sand 
dollars, depressions, and spots rarely exceeded 3 mm in diameter. 
The bumps were hard, flattened, round to ovoid projections 
measuring 2-4 mm in diameter. Grossly, these bumps resembled 
warts. As many as three bumps were found on a single E. parma. 
The cauliflower-like tumors were hard, of irregular outline, and 
were raised as much as 2-3 mm above the body surface (Figure 
12-139). The tumors were often quite large, exceeding 15 mm in 
diameter. Histologically, the bumps and tumors were observed to 
consist of a deep, well-organized core containing calcoblasts and 
connective tissue fibers, and a superficial blastema. The 
superficial blastema was not unlike the plugs, clots, or 
blastemas associated with healing or newly healed invertebrate 
wounds (see Salt 1970, Sparks 1972). The blastema was composed 
of a heterogeneous mixture of muscle and connective tissue cells, 
collagenous fibers and fibrils, and coelomocytes overlaid by an 
epithelium containing undifferentiated epithelial cells and 
coelomocytes (Figure 12-140). The cells of the blastema were 
unremarkable. It was concluded that the raised lesions of E. 
parma may have represented an attempt by the sand dollar to 
repair an injured surface and that the lesions may have been the 
sand dollar equivalent of the mammalian scar. 
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DISCUSSION 
The histopathological study of 12 benthic continental shelf 
invertebrates presented above focused on four aspects or facets of 
their biology: (1) the distribution and range of the animals; (2) 
reproductive activity; (3) the normal histology of selected organs and 
anatomical systems; and (4) the symbionts and lesions associated with 
the animals. Although these facets have been treated, in many cases, 
as separate and distinct sets of data, it must be understood that they 
are, in fact, inseparable, each parameter or data point merely a 
reflection of an organism's past and present physiological state. 
Basic ecological relationships between a wide range of benthic 
invertebrates, including those organisms chosen for histopathological 
analysis, and their physical environment have been presented and 
discussed in Chapter 6 above. These results demonstrated that a 
certain area or station will be found to possess a characteristic 
faunal assemblage and that, conversely, certain organisms have 
distinct habitat preferences. The data presented in this chapter 
reinforced these conclusions and in addition indicated that (1) 
certain of the OCS crustacea were migratory, i.e., Dichelopandalus 
leptocerus, Cancer irroratus, and possibly~· borealis and that (2) 
there appeared to be a relationship, in the two species of Asterias 
selected for study, between population density, size, and depth (see 
above for details). In the event that it may be necessary to evaluate 
the impact of man's activities on the continental shelf, it will be 
important to bear in mind that some of the "indicator" organisms under 
consideration may have migrated·from areas far removed from the site 
of impact and that some of the indicators may have already been 
subjected to stresses occasioned by non-optimal environmental 
conditions and inter- and intraspecific competition. 
A knowledge of the sexual and reproductive biology of an animal 
should be considered a sine qua non in baseline histopathological 
studies: whether an organism can survive on a short-term basis in an 
impacted area is not a true measure of an organism's ability to cope 
with that environment. That organism must be able to reproduce itself 
so that its progeny will continue to colonize that environment. 
Studies on the gonads and gonadal maturity of the 12 benthic 
invertebrates from the OCS showed that most of the animals under 
consideration spawned or extruded gametes during a particular season 
or seasons; that is, reproductive activity was cyclic or seasonal. 
The exceptions to this statement were Crangon septemspinosa and 
Astarte spp. Reproductive activity in these animals was apparantly 
not restricted to any given season, and large numbers of viable 
gametes were found in these animals throughout the year. With one 
exception, these observations on spawning periodicity, or lack of it, 
confirmed the findings of .other researchers on these species or 
closely related animals. Saleuddin (1964) reported that Astarte 
sulcata taken from the coast of Scotland exhibited marked reproductive 
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seasonality conforming to the classic spring-summer waxing and 
fall-winter waning pattern of other lamellibranch gonadal cycles. It 
was impossible to show that Astarte from the OCS study area conformed 
to this pattern. 
The histological atlas presented above represents an attempt to 
define the normal histology of selected organs and anatomical systems 
in 12 OCS invertebrates. As indicated above, no pretensions are made 
as to the completeness of this work. The atlas should serve, at the 
very least, as an introduction and guide to the macro- and 
microanatomy of these animals and should, hopefully, inspire other 
workers to extend and improve on the techniques and observations 
presented herein. Despite the apparent wealth of references and 
observations on the morphology of the cells, tissues, and organs of 
the animals and related forms treated in this work, it is obvious that 
much remains to be done. Our understanding of the form and function 
of many of the organs and anatomical systems of these animals has not 
significantly advanced since the turn of the century. In addition, 
surprisingly little is known about how these or related ani~als 
respond to environmental perturbation. If these animals are to be 
used as indicators of environmental quality by pathobiologists, it 
will be necessary to channel efforts into the study of how stress 
affects the cells and tissues of these animals. 
Symbiotic organisms were found on or in all 12 of the animals 
selected for histopathological analysis. Several of these organisms 
were obviously commensal forms; that is, these symbionts lived with 
the host and not at the expense of the host. The commensal forms 
included the peritrich ciliates found attached to the test of most 
echinoderm species and the filamentous epiphytic bacteria found on the 
gills of Cancer irroratus. The ciliates noted on the gills of C. 
septemspinosa, P. brevirostris, and juvenile C. irroratus, which are 
assumed to be n~n-parasitic exuviotrophic apo;tome ciliates (cf. 
Grimes 1976), might also be placed in this category. In the absence 
of drastic traum.atic episodes and under "normal" conditions, these 
commensals would not be expected to harm or cause physiological 
impairment of the host. 
The status or type of host-symbiont interaction of many of the 
other symbiotic forms was less clearly defined although it is probably 
that the status of these organisms will be clarified as more data 
become available and as soon as some of them can be identified. For 
instance, little is known about the biology or status of (1) the 
several symbionts infesting the digestive diverticula and intestine of 
the lamellibranchs coliected for this study and (2) the gill copepods 
of c. irroratus. Observations on the symbionts of the lamellibranch 
gut indicated that although these organisms were undoubtedly 
parasitic, that is, they lived at the expense of the host, they did 
not elicit a host response or result in the destruction of host 
tissue. These parasites, then, appeared to be well adapted to their 
host and quite benign. 
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Several of the symbionts were clearly neither commensals nor 
benign parasites. These organisms included, (1) the branching 
trematode sporocysts infecting Astarte castanea, (2) the trematode 
metacercaria found in the shrimp, (3) Orchitophyra, the ciliate which 
parasitized the gonads of the sea stars, (4) the apostome ciliate 
Synophrya hypertrophica, the causative organism of gill black spot 
disease in Dichelopandalus leptocerus, and (5) the parasitic 
dinoflagellate, Hematodinium, which was found in the haemal spaces of 
the Cancer crabs. Any of these organisms, under suitable 
circumstances, might effect either severe physiological impairment or 
the death of the host, or in the case of the gonadal parasites, the 
trematode sporocysts in the !• castanea and Orchitophyra, a drastic 
reduction in the numbers of viable gametes produced by the host. 
In evaluating the present or potential harm that a given symbiont 
might cause, one must keep in mind that in habitats where the host is 
well adapted, an accommodation or balance between the host population 
and its symbionts will exist. However, in the face of chemical or 
physical insult, or perhaps as a result of degenerative processes 
associated with senescence, even the most accommodating or benign 
symbiont may turn on its host; examples form human and comparative 
medicine are legion. 
Continued study of the symbionts of the benthic invertebrates 
selected for analysis will undoubtedly result in a more thorough 
knowledge of the hosts themselves. In this regard, Sawyer (National 
Marine Fisheries Lab., Oxford, Md., personal communication, 1976) and 
I have determined that the numbers and types of symbiotic organisms on 
the gills of f· irroratus and Q• leptoceru.s seem to be largely 
determined by the frequency of molting in these animals; the longer 
the intermolt period, the more organims settle in and on the gills. 
The hydrocarbon and trace metal data for the second year were 
examined for possible correlation with the histopathology data. 
Although statistical tests were not performed, no obvious correlations 
were found to exist between the hydrocarbon and histopathology data. 
However, one interesting trend - also noted during the first year (see 
Harris et al. 1977, and Ruddell 1977) -was observed with respect to 
zinc levels in Asterias vulgaris and the histopathology data. Zinc 
levels in A. vulgaris appeared to reach a maximum value, for a given 
station; during the spring (Table 12-35). Since the synthesis and 
accumulation of gonadal products in this animal also reached a peak 
during the spring (see above), it is suggested that a significant 
portion of the zinc in these animals may be associated with gonadal 
processes and products. 
The report presented above constitutes an important first step in 
the understanding of the parasites and pathologies of deep-water 
animals from the Middle Atlantic Bight area. This data should also 
provide the first strong historical account of several measurable 
parameters that may be used for comparative studies by investigators 
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Table 12-35. Zinc levels for Asterias vulgaris, taken during the 
second year, in ppm dry weight; data excerpted from 
Chapter 13. 
Season 
Station Fall Winter Spring 
Dl 490 620 890 
N3 620 720 
B1 410 610 910 
E1 320 480 910 
I1 500 
F1 590 700 
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involved in similar work on other portions of the continental shelf of 
North America. 
Summary of Significant Findings 
1. Many or all of the five crustaceans examined may be migratory. 
However, precise details of migratory patterns cannot be 
furnished at this time. 
2. Some areas or stations may be marginally suited to the growth and 
reproduction of some species. 
3. In evaluating the impact of man's activities on the continental 
shelf, it will be important to keep in mind that some of the 
"indicator" organisms may have migrated from areas far removed 
from the site of impact and some of the animals under 
consideration as indicators may have been already subjected to 
stress since they may have been living in marginal situations. 
4. Many of the invertebrates selected for analysis spawned or 
extruded gametes during a particular season or season; 
reproductive activity was cyclic. The exceptions to this were 
the Astarte clams and Crangon septemspinosa. 
5. A knowledge of the sexual and reproductive biology of indicator 
organisms should be considered a sine qua non in baseline 
histopathological studies. 
6. Symbiotic organisms were found on or in all animals studied. 
Some of these organims were obviously commensal forms and some 
clearly parasitic. 
7. In evaluating the present or potential harm that a given symbiont 
may cause, one must keep in mind that in habitats where the host 
is will adapted, an accommodation or balance between the host and 
its symbionts will exist. However, in the face of environmental 
insult or as a result of processes associated with senescence 
even the most benign symbiont may become pathogenic. 
8. Continued study of the symbionts may result in a more thorough 
knowledge of the host themselves. 
9. No correlations could be made with hydrocarbon data. 
10. A significant portion of the zinc in Asterias vulgaris may be 
associated with gonadal processes and products. 
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Figure 12-1a. 
Figure 12-1b. 
A longitudinal section passing through the median plane 
of the cephalothorax of a female _Crangon septemspinosa 
showing the disposit~on and relationships between most 
of the major organ systems in the cephalothorax. 29X. 
A line-drawing, prepared from Figure 12-1a, indicates 
and names many of the principal organs referred to in 
the text. as, antennal gland; b, brain; bfo, blood-
forming organ; cs, cardiac stomach; e, esophagus, gt, 
glandular tissue in mouth region; h, heart; hp, he-
patopancreas; j, junction between cephalothorax and 
abdomen; o, ovary; ps, pyloric stomach; vnc, ventral 
nerve cord. 

Figure 12-2. 
Figure 12-3. 
A longitudinal section of the anterior portion of the 
cephalothorax of Dichelopandalus leptocerus showing a very 
prominent eye and the labyrinthine portion of the antennal or 
green gland (ag). 291X. 
A longitudinal section of the cephalothorax of 
Dichelopandalus leptocerus passing through a plane 
incorporating elements of the antennal gland (ag) and gills 
(g). 28.2X. 
.. 
Figure 12-4. 
Figure 12-5. 
A longitudinal section taken through the median plane of the 
head region of Crangon septemspinosa showing the esophagus 
(e), elements of the antennal gland (ag), the brain (b), and 
the anterior-most portion of the blood forming or 
hematopoietic organ (bfo). 109.4X. 
A longitudinal section of the cephalothorax of Crangon 
septemspinosa showing the esophagus (e), the cardiac (cs) and 
pyloric (ps) stomachs. Portions of the digestive 
diverticula, ovary, and blood forming or hematopoietic organ 
are also shown. 109.4X. 

Figure 12-6. 
Figure 12-7. 
A glycol methacrylate section of a hepatopancreatic tubule 
from Dichelopandalus leptocerus showing the various 
epithelial cell types referred to in the text. R, absorbtive 
cell; F, fibrillar cell; B, blister cell; embryonic cells not 
shown. Tissue fixed in phosphate-buffered 
acrolein-formaldehyde; sectioned at 4 ~m; stained with acid 
fuchsin-toluidine blue 0. 676.3X. 
A longitudinal section of the hepatopancreas of 
Dichelopandalus leptocerus showing a portion of the mid-gut 
(mg). The mid-gut is filled with several gregarine 
sporozoans. 43.6X. 

Figure 12-8. The ovary of Dichelopandalus leptocerus. A variety of 
immature and mature eggs are shown. Post-vitellogenic ova 
are surrounded by nurse cells. 107.7X. 
Figure 12-9. Paraffin section of the vas deferens (vd) of Crangon 
septemspinosa demonstrating the asymmetric character of this 
structure. h, heart. 107.7X. 

Figure 12-10. 
Figure 12-11. 
A cross-section of the vas deferens of Dichelopandalus 
leptocerus. The lumen of the vas deferens is packed with 
mature sperm (s) and a frothy secretion produced by the 
supportive cells. Tissue fixed in phosphate-buffered 
acrolein-formaldehyde; embedded in GMA; sectioned at 4 ~m and 
stained with direct bordeaux BN (C.1 22155) - toluidine blue 
0. 110.3X. 
Cross-section of a testicular lobule showing stellate, 
presynaptic primary spermatocytes (pss). 639.1X. 

Figure 12-12. The labyrinth-renal tubule complex of Dichelopandalus 
leptocerus. The labyrinth (1), a placental-like structure 
formed by the close apposition of end-sac and renal tubule 
tissues appears to float in the cavity or lumen of the renal 
tubule. 106.9X. 
Figure 12-13. A diagrammatic presentation of the decapod antennal gland. 
bl, bladder; ec, excretory canal; es, end-sac; hs, haemal 
space; in, invaginations or trabeculae of the renal tubule; 
1, labyrinth; s, sacks arising from bladder; u, ureter. 
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Figure 12-14. 
Figure 12-15, 
A longitudinal section of the anterior portion of the 
cephalothorax of Dichelopandalus leptocerus showing the blood 
forming tissue (bfo) or hematopoietic nodules attached to the 
exterior surface of the epigastric sack (egs). 110.3X. 
A cross-section of the dorsal portion of the 
mid-cephalothorax region of Dichelopandalus leptocerus 
showing the close apposition of the epigastric sack (egs) and 
attached hematopoietic nodules (bfo) to the gonadal 
(testicular) lobules. ts, testicular suppo rtive cells. 
665.6X. 

Figure 12-16. Cross-section of the phyllobranchiate gills of 
Dichelopandalus leptocerus 107.7X. 
Figure 12-17. A GMA section of the gill lamellae of Dichelopandalus 
leptocerus showing the epithelial cells (ep) and their pillar 
processes. Blood cells and torpedo-shaped cells of unknown 
function are seen in the intralamellar extra-vascular spaces. 
Section stained in direct bordeaux EN-toluidine blue 0. 
277.2X. 

Figure 12-18. 
Figure 12-19. 
A high magnification photomicrograph of the gill lamellae of 
Dichelopandalus leptocerus showing the relationship between 
the various cellular elements mentioned in the text. ep, 
epithelial cells; be, blood cell; tc, torpedo-shaped cell. 
Material embedded in G~~. sectioned at 4 ~rn, and stained with 
direct bordeaux EN-toluidine blue 0. 1,363X. 
Several of the principal cell types found in the gill stern of 
Dichelopandalus leptocerus including the basophilic granular 
cell (bg) and the vacuolated connective tissue cell or 
nephrotyte (n). GMA section; stained with direct bordeaux 
EN-toluidine blue 0. 686.9X. 
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Figure 12-20. 
Figure 12-21. 
Infestation of the gills of Crangon septemspinosa with 
ciliates. 279.4X. 
Invasion of a gill lamellar of Dichelopandalus 
the apostome ciliate, Synophrya hypertrophica. 
~rn-thick section, stained with direct bordeaux 
blue 0. 692.3X. 
leptocerus by 
GMA 2 
EN-toluidine 

Figure 12-22. A GMA section depicting the response of Dichelopandalus 
leptocerus to invasion by the parasitic ciliate, Synophrya 
hypertrophica. The darkly staining material in the affected 
lamella is a melano-protein complex. This section has been 
treated with reagents (KMn04 ~ Na2205 ~ toluidine blue 0) 
which demonstrate melano-proteins. The large, syncytial mass 
located in the distal portion of the lamella represents an 
immature or early generative stage of S. hypertrophica 
279.4X. 
Figure 12-23. A section depicting ciliate-filled cysts in the gill lamellae 
of Dichelopandalus leptocerus. The obvious black band 
separating and walling-off the cyst from host tissues is 
composed of melanized cells and debris derrived from the 
host. 279.4X. 

Figure 12-24. 
Figure 12-25. 
A sporangium of uncertain affinity is seen attached to the 
gills of Dichelopandalus leptocerus. 676.3X. 
A encysted trematode metacercariae from the cephalothorax of 
Diochelopandalus leptocerus 279.4X. 

Figure 12-26. Hepatopancreatic tubules from a Dichelopandalus leptocerus 
infected with small, intracellular particles. See text for 
description. 277.2X. 
Figure 12-27. Frontal section of a small (13 mm width) Cancer irroratus 
showing the cardiac (cs) and pyloric (ps) stomachs. 
28.5X. 

Figure 12-28. A cluster of "spent" connective tissue storage cells 
(cts) at the periphery of the hematopoietic organ taken 
from a newly-molted Cancer irroratus. The connective 
tissue storage cells from newly-molted crabs have a spent 
or ~asted appearance and bear little resemblance to the 
large, dense CTS cells of the premolt crab. A 4 urn-thick 
GMA section stained in direct bordeaux BN and toluidine 
blue 0. 676.2X. 
Figure 12-29. The mid-gut, and structures associated with the mid-gut, of 
a small (13 mm-wide) Cancer crab. See text for 
description: mgc, mid-gut caecum; mg, mid-gut; j, 
mid-gut-hind-gut junction; hgc, hind-gut caecum. 28.5X. 

Figure 12-30. A low-power view of the hepatopancreatic tubules of a 
Cancer crab. 108.6X. 
Figure 12-31. A group of 'R' and 'F' hepatopancreatic epithelial cells 
from the hepatopancreas of a Cancer crab. The presence of 
a moderately large, supranuclear vacuole distinguishes the 
vacuole-containing 'F' cells from the 'R' cells. bm , 
basement membrane; m, muscle cell. A 3 urn-thick GMA 
section stained ~n direct bordeaux EN-toluidine blue 0. 
1089.7X. 
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Figure 12-32. A cluster of 'R' cells from the hepatopancreas of a 
Cancer crab; the cytoplasm of these cells is filled with 
numerous, hollow-looking, calcium granules. A 3 urn-thick 
GMA section stained in direct bordeaux EN-toluidine blue 
0. 1089.7X. 
Figure 12-33. A 'B' or blister cell in the hepatopancreas of a Cancer 
crab. bm, basement membrane; m, muscle cell. 1089.7X. 

Figure 12-34. 
Figure 12-35. 
A low power view of the Cancer mid-gut cut in 
cross-section. The basement membrane is seen as a dark, 
convoluted structure separating the inner epithelial cell 
layer from the peripheral layers of the mid-gut. The 
dense, fragmented structures, located in the most 
peripheral portions of the mid-gut, are connective tissue 
storage cells. 108.6X. 
A cross-section of 
membrane; m, outer 
section stained in 
279.4X. 
the Cancer mid-gut. bm, basement 
muscle layer. A GMA, 4 urn-thick 
direct bordeaux EN-toluidine blue 0. 

Figure 12-36. 
Figure 12-37. 
The mid-gut-hind-gut junction. Note that the prominent 
"cephalic intestinal gland" lies in close proximity to the 
junction. 108.6X. 
The antennal gland of a Cancer crab. A portion of the 
bladder (bl) or nephro-peritoneal sack is observed to be 
in open communication with the renal tubule. Note the 
trabeculae arising from the walls of the renal tubule. 
108.6X. 
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Figure 12-38. 
Figure 12-39. 
A photomicrograph of several of the antenna! gland 
labyrinth of a Cancer crab. These units are composed of 
two epithelial layers which are joined by intercellular 
bridges at irregular intervals. The inner layer is 
derived from the end sac, the outer from the renal tubule 
(rt). The space between the two layers is a haemocoel and 
is filled with blood. A 3 urn-thick GMA section stained 
with direct bordeaux EN-toluidine blue 0. 681.6X. 
A cross-section of the stomach wall of Cancer borealis 1n 
which an extension of the bladder (bl) or 
nephro-peritoneal sack can be seen in close apposition to 
the blood forming (bfo) or hematopoietic organ. 107.7X. 

Figure 12-40. 
Figure 12-41. 
Hematopoietic nodules from the blood forming organ of 
Cancer irroratus. A 4 urn-thick GMA section stained with 
direct bordeaux BN and toluidine blue 0. 676.2X. 
A low-power view of the testicular lobules of a cancrid 
crab (Cancer irroratus). There appear to be two different 
types or populations of lobular units in this 
photomicrograph. This is, of course, a morphological 
reflection of the fact that the gonadal lobules of 
decapods may contain several different gametic populations 
or maturational stages (see text). ll0.3X. 

Figure 12-42. A cross-section of two testicular lobules depicting the 
arrangement of the cells and cells and cellular units 
within a lobule. The outer-most layers of the lobules are 
comprised of an external delimiting fibrocyte layer, 
represented in this photomicrograph by several small, 
elongate nuclei positioned on the periphery of the larger 
lobule, a thin, tenuous layer of anastomosing muscle cells 
represented by a number of very dark bands (m), and a thin 
basement membrane. The mass of the lobule is c·omprised of 
germinative and supportive elements, and mature sperm. 
Mature sperm are contained within the intralobular sperm 
duct. This duct is formed from supportive cells; these 
cells not uncommonly contain sperm. Germinative cells, 
here represented by cells that appear to be spermatogonia, 
fill the remainder of the lobule. A 4 urn-thick GMA 
section stained with direct bordeaux EN-toluidine blue 0. 
702.9X. 
Figure 12-43. A photomicrograph of several cancrid testicular lobules 
illustrating the assymmetric arrangement of the cellular 
units within the lobules. It can be seen that a band of 
cells resembling primordial germ cells--the germinative 
band--is virtually at opposite poles from the intralobular 
sperm duct. This duct is filled with mature sperm; the 
central portion of the lobule is filled with spermatids. 
The large, darkly staining masses in the interlobular 
. spaces are connective tissue storage cells. A 4 urn-thick 
GMA section stained with direct bordeaux EN-toluidine blue 
0. 283.8X. 

Figure 12-44a,b. Sections of testicular lobules illustrating several of the 
more easily recognized maturational stages of male cancrid 
gametes. a. stellate, presynaptic primary spermatocytes; b. 
stage II spermatids (see Langreth 1969); the densely stained 
polar caps are acrasomal vessicles. GMA 4 urn-thick sections 
stained with direct bordeaux EN-toluidine blue 0. 702.9X. 
Figure 12-44-b. 

Figure 12-45. The vas deferens of Cancer irroratus; the intralumenal 
"bodies" are spermatophores. llO. 3X. 
Figure 12-46. A section taken through the gills and gill chamber of a small 
Cancer crab showing some of the major anatomical features of 
the cancrid gill. It can be seen that the gill lamellae are 
fused with the gill stem and that the gill stem contains two 
vascular channels. Two views of the cancrid gill appear ~n 
this photomicrograph: a cross-sectional view, indicated by 
an X, and an oblique horizontal ~iew (all other profiles). 
'. 
Figure 12-47. 
Figure 12-48. 
A cross-sectional view of the Cancer gill incorporating 
elements of the gill lamellae and stem and the efferent 
branchial vessel (ef). The central portion of the stem 1s 
occupied by arthrocytes and small vascular channels. A 4 
urn-thick GMA section stained with direct bordeaux 
EN-toluidine blue 0. 109.4X. 
A portion, the gill stem, of the section presented in Figure 
12-47 is shown magnified. A group of highly vacuolated 
arthrocytes appears to surround or enclose a vascular 
channel. Blood cells can be seen in the sinusoidal space 
around the arthrocytes. 676.2X. 

Figure 12-49. 
Figure 12-50. 
Another portion of the section presented in Figure 12-47 1s 
shown magnified; this photomicrograph focuses on the 
lamella-stem junction. The junction is characterized by 
sphincter-like structures (S); the sphincter cells are 
presumably derived from lamellar epithelial cells. The 
plasma membrane of the lamellar epithelial cells. The plasma 
membrane of the lamellar epithelial cells is seen to be 
highly infolded. 676.2X. 
Section of a gill from a 45 mm postmolt Cancer crab. Note 
that the lamellae are thin and wispy and that the gill stem 
appears to be shrunken (cf. Figures 12-51 through 12-53). 
279.4X. 
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Figure 12-51. 
Figure 12-52. 
A portion of the postmolt gill shown in Figure 
higher magnification. The lamellar epithelial 
and lamellar arthrocytes are not in evidence. 
12-50 at 
cells are thin 
676.2X. 
Section of a gill from a 32 mm premolt Cane s~ crab. Comp are 
this photomicrograph with Fi gure 12-50. 27 9. 'l"· 
.f 
Figure 12-53. Section of the distal portion of a premolt crab lamella taken 
from a 74 mm crab. Compare this section with Figure 12-51. 
The gill epithelial cells of premolt Cancer crabs 
characteristically contain large intracellular masses of 
astrablue-positive material (ab). 676.2X. 
Figure 12-54. A copepod attached to the gills of a rock crab (Cancer 
irroratus). 107.7X. 
y' 
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Figure 12-55. 
Figure 12-56. 
Several unusually large lesions found in the gill lamellae of 
a rock crab infested with copepods. These lesions are of the 
blister-nodule variety. 108.6X. 
An especially heavy epiphytic bacterial mat on the gill 
lamellae of a large (126 mm) rock crab. 108.6X. 

Figure 12-57. Eteonopsis geryonicola, a dorvilleid polychaete worm, 
enmeshed in a gill from a jonah crab. 
Figure 12-58. Hematodinium perizi madsed in an inter-hepatopancreatic 
tubular space in a jonah crab. A 4 urn-thick GMA section 
stained with PAS and toluidine blue 0. 697.6X. 

Figure 12-59. Large microsporidian-like bodies ~n the striated musculature 
of a Cancer crab. 1,402X. 
Figure 12-EC. Cestruction of crab hematopoietic organ tissues occasioned by 
a heavy infection by microsporidian-like bodies. 288.2X. 
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Figure 12-61. 
Figure 12-62. 
A blood cell infiltrate in the inter-hepatopancreatic tubular 
spaces associated with a microsporidian-like body infection 
in a rock crab. 286.0X. 
A multinucleated giant cell in the hematopoietic tissues of a 
rock crab infected with microsporidian-like bodies. The 
giant cell is observed to be filled with the 
microsporidian-like bodies. 139l.OX. 

Figure 12-63. 
Figure 12-64. 
· h 1·nter-hepatopancreatic tubular spaces Melanotic cysts 1.n t e 
b - et 1.ologl.·cal agent unknown. 288.2X. of a 131 mm jonah era 
Abnormal blood cells in the extra-vascular spaces of a 72 mm 
male jonah crab. Note the large blood cells containing 
rtl l'Cl'Pi with basophilic "pools". 702. 9X. 
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Figure 12-65. 
Figure 12-66. 
A cross-section of the anterior portion of the visceral 
mass showing the stomach, digestive diverticula, and 
ovary. 29.1X. 
A GPA section of several non-ciliated, secondary ducts 
(sd) from the digestive diverticula of Astarte castanea. 
The groups of cells filling the intraductular spaces are 
s~orage vesicles (see below for description). A 4 ~m­
'thick section stained with direct bordeaux BN toluid ine 
blue 0. 292.6X. 

Figure . l2-67. A group of terminal ducts from the digestive diverticula 
of Astarte castanea. Storage vesicles occupy the space 
between the ductules. A 4 ~-thick GMA section stained 
with direct ~ordeaux EN-toluidine blue 0. 286.0X. 
Figure 12-68. A cross-section of a terminal ductule from the digestive 
diverticula of Astarte castanea showing nests of crypt 
cells (c) and spherule-containing absorbtive cells. A 4 
~m-thick GMA section stained with direct bordeaux 
EN-toluidine blue 0. 

Figures 12-69a, b. Cross-sections of the posterior portion of the 
visceral mass of Astarte. a. A male and, b., a female 
Astarte. Note that the intestine (i) "penetrates" both 
the gonad and heart. k, kidney; gp, gonopore. a, 29.6X; 
b, 29.3X. 
Figure 12-69b. Cross-section of the posterior portion of the visceral 
mass of a mature female Astarte. i, intestine, k, kidney, 
gp, gonopore. 29.3X. 

Figure 12-70. Cross-section of an Astarte kidney tubule. Note the 
large, apical concentrically-layered spherules 
characteristic of the kidney epithelial cells. A 4 
~m-thick GMA section stained in direct bordeaux 
EN-toluidine blue 0. 697.6X. 
Figure 12-71. A GMA section of the testes of Astarte. Primary 
spermatocytes (spc), spermatids (spt) and sperm are easily 
recognized. A 4 ~m-thick GMA section stained with direct 
bordeaux EN-toluidine blue 0. 702.9X. 

Figure 12-72. Section of Astarte testes showing large numbers of 
"residual" bodies. A 4 ~m-thick GMA section. stained with 
direct bordeaux EN-toluidine blue 0. 697.6X~ 
Figure 12-73. Ripe, post-vitellogenic eggs in the Astarte ovary. The 
eggs are surrounded by several concentric mucoid layers. 
A 4 ~m-thick GMA section stained in direct bordeaux 
EN-toluidine blue 0. 286.0X. 

Figure 12-74. 
Figure 12-75. 
The ciliated gonoduct of a male Astarte. A 4 
~m-thick GMA section stained with direct bordeaux 
EN-toluidine blue 0. 692.3X. 
The gonopore or papilla of a female Astarte. 112 .ox. 

Figure 12-76. Section through a peripheral blood sinus of Astarte 
showing agranular and granular blood cells. A binucleate 
granular blood cells can be observed at 12 o'clock. A 4 
~m-thick GMA section stained with direct bordeaux 
EN-toluidine blue 0. 697.6X. 
Figure 12-77. Cross-section of the foot of Astarte showing the median 
groove. 29.8X. 

Figure 12-78. 
Figure 12-79. 
Transverse section through a series of Astarte gill 
filaments. el, eulateral-frontal cilia; lc, lateral 
cilia; me, mucous cell. A 4 ~m-thick GMA section stained 
with direct bordeaux EN-toluidine blue 0. 288.2X. 
A low magnification view of the visceral mass of an 
Astarte parasitized by the sporocysts of a digoHetic 
trematode. 109.0X. 

Figure 12-80. 
Figure 12-81. 
Cross-section of a bucephalid sporocysts from Astarte 
castanea showing a group of germ-balls in the sporocyst 
lumen. 692.3. 
A basophilic intracytoplasmic inclusion body in a 
secondary duct epithelial cell in the digestive 
diverticula of Astarte castanea. A 4 ~m-thick GHA 
stained with direct bordeaux EN-toluidine blue 0. 
section 
697.6X. 
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Figure 12-82. A nuclear inclusion body (nib) in the nucleus of crypt 
cell from the digestive diverticula of Astarte castanea. 
a 4 ~m-thick GMA section stained with direct bordeaux 
EN-toluidine blue 0. 697.6X. 
Figure 12-83. An intracellular protozoan in a terminal ductule 
epithelial cell from the digestive diverticula of Astarte 
castanea (see text for description). A 4 ~m-thick G}~ 
section stained with direct bordeaux EN-toluidine blue 0. 
1316.6X. 

Figure 12-84. 
Figure 12-85. 
Intracellular protozoan in the digestive diverticula of 
Astarte castanea in the process of dividing. A 4 
~rn-thick GMA section stained with direct bordeaux 
EN-toluidine blue 0. 697.6X. 
Cross-section of the visceral mass of Placopecten 
magellanicus demonstrating that the stomach is in open 
communication with the major ducts of the digestive 
diverticula. 29.1X. 

Figure 12-86. 
r -
Figure 12-87. 
Cross-section of a duct from the digestive diverticula of 
Placopecten magellanicus. A 4 ~rn-thick GMA section stained 
with direct bordeaux EN-toluidine blue 0. 288.2X. 
The diverticular duct presented in Figure 12-86 is shown 
enlarged 2.4X. Ciliated duct cells are confined to a 
ciliated tract. A 4 ~rn-thick GMA section stained with direct 
bordeaux EN-toluidine blue 0. 697.6X. 

Figure 12-88. 
Figure 12-89. 
Terminal ductules from the digestive diverticula of 
Placopecten magellanicus. The ductule filled with 
darkly-stained cells contains basophilic ductular cells and 
"immature" absorbtive cells. The ductules surrounding this 
tubule contain mature absorbtive cells filled with large 
spherules. A 4 ~m-thick GMA section stained with direct 
bordeaux EN-toluidine blue 0. 692.3X. 
A terminal ductule from the digestive diverticu:a.of 
Placopecten magellanicus showing the darkly-stalnlng 
basophils and absorbtive cells. 697.6X. 
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Figure 12-90. 
Figure 12-91. 
Mature or ripe gonadal lobules from a male Placopecten 
magellanicus. A 4 ~m-thick GMA s ection stained with direct 
bordeaux EN-toluidine hlue 0. 11 0 .3X. 
Mature gonadal lobules from a female Placopecten 
magellanicus. A 4 ~m-thick G~~ section stained with 
fuchsin-toluidine blue 0. 288.2X. 
acid 

Figure 12-92. 
Figure 12-93. 
Spent ovarian lobules in Placopecten magellanicus containing 
residual ova. 288.2X. 
Spent ovarian lobules in Placopecten magellanicus. Small, 
previtellogenic oocytes are scattered at intervals around the 
lobular walls. 288.2X. 
•• •I 
Figure 12-94. Spent gonadal lobules from a male Placopecten magellanicus. 
Several lobules are filled with blood cells. 290.4X. 
Figure 12-95. Regenerating ovarian lobules in Placopecten magellanicus. 
Numerous, large preritellogenic oocytes are observed in the 
lobules. c.f. Figure 93. 288.2X. 
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Figure 12-96. 
F~gure 12-97. 
A transverse section of the mantle of Placopecten 
magellanicus. The three major lobes of the mantle edge are 
indicated. ca, circumpallial artery; en, circumpallial 
nerve; o, opthalmic lobe; s, shell lobe; v, velar lobe. A 4 
~m-thick G~~ section stained with direct bordeaux 
EN-toluidine blue 0. 29.3X. 
The periostracal gland (pg) in the mantle of Placopecten 
magellanicus. Conchiolin, seen in this photomicrograph as a 
thin strand extending from the interlobular crypt along the 
surface of the velar lobe, is produced by this gland. A 4 
~m-thick G~ section stained with direct bordeaux 
EN-toluidine blue 0. 111.2X. 
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Figure 12-98. Transverse section of the mantle surface. The mantle 
epithelial cells rest on a prominent basement "membrane" 
(bm). A 4 ~m-thick section stained with direct bordeaux 
EN-toluidine blue 0. 692.3X. 
Figure 12-99. The circumpallial nerve (en) and artery (ca) from an area 
adjacent to the mantle lobes. See Figure 12-96 also. A 
4 ~m-thick GMA section stained with direct bordeaux 
EN-toluidine blue 0. 111.2X. 
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Figure 12-100. Cross-section through an eye of Placopecten magellanicus. 
The eye (s) of ~ magellanicus and other scallops is a 
complex structure in many ways equivalent to the eyes of 
cephalopods and vertebrates. The principal elements of the 
eye of~ magellanicus are the cornea (c), lens (1), and 
retina (r) (see Dakin, 1909, for a more detailed exposition 
of the anatomy and histology of the scallop eye). A 4 
~m-thick GMA section stained with direct bordeaux 
EN-toluidine blue 0. 111.2X. 
Figure 12-101. Several intracytoplasmic (arrow) inclusion bodies in the 
digestive diverticular cells of Placopecten magellanicus. 
A 4 ~m-thick GMA section stained with toluidine blue 0. 
692.3X. 

Figure 12-102. A spore resembling the spores of the gregarine sporozoan, 
Nematopsis in the intestinal epithelial cells of Placopecten 
magellanicus. A 4 ~m-thick GMA section stained with direct 
bordeaux EN-toluidine blue 0. 1306.5X. 
Figure 12-103. An ectosymbiotic turbellari an from the gills of Placopecten 
magellanicus. 286.0X. 
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Figure 12-104. A sack-like inclusion body in a gill filament of Placopecten 
magellanicus. The inclusion bodies are filled with 
bacteria-like rods. A 4 ~m-thick GMA section stained with 
direct bordeaux BN-toluidine blue 0. 681.6X. 
Figure 12-105. Cross-section of the arm of a small (30 rom-diameter), sexually 
immature Asterias vulgaris. pc, pyloric caecum; g, gonad 
(immature); rn, radial nerve; am, ampulla of podium. 28.7X. 

Figure 12-106. Cross-section of a sexually mature, female Asterias vulgaris. 
The massive ovary and a pyloric caecum lie in the spacious 
coelomic cavity of the arm. Three types of body wall append-
ages may ·be observed. The small protuberances or outgrowths 
associated with the spines are pedicellariae. A single papula 
emerges from the body wall dorsal to the lateral spine-pedi-
cellaria complex. The small, ovoid sack (arrow) which lies 
above the radial nerve (rn) is the radial water canal. The 
podia! ampulla is also indicated (am). 28.9X. 
Figure 12-107. Section taken through a papula showing the three primary 
layers of the body wall. The middle layer in the papula is 
thin a~d at~enuated. In other portions of the body wall, this 
layer 1s t~1ck and massive and contains calcareous spicules. 
The coelo~1c lumen of the papula is filled with coelomocytes. 
A 4 ~m-th1ck GMA section stained with direct bordeaux 
EN-toluidine blue 0. 697.6X. 
----······················-··-·-
Figure 12-108. Section of the body wall of Asterias vulgaris showing the 
ossicular connective tissue cells. The spares or lacurae 
around these cells are artifacts of our decalcification 
procedure; these are filled, in living animals by calcareou 
deposits. A 4 pm thick 6MA section stained with direct 
bordeaux EN-toluidine blue 0. 697.6X. 
Figure 12-109. Several spines protruding from the body wall of Asteri~s 
forbesi. A pedicellaria is attached to the smaller sp1ne. 
The large fenestrated structure in the larger of the two 
spines is a calcareous ossicle. 111.2X. 

Figure 12-110. A pedicellaria from the body wall of Asterias forbesi. This 
pedicellaria is attached to a spine. 111.2X. 
Figure 12-111. A papula from the body wall of Asterias forbesi . 111.2X. 

Figure 12-112. Cross-section of the radial nerve from the arm of Astropecten 
americanus. The radial nerve is seen as a V-shaped structure 
bounded laterally and ventro-laterally by podia. The radial 
water canal (rwc) is located dorsal to the radial nerve. The 
cleft situated above the radial nerve is the radial hyponeural 
sinus and is divided by a septum -which contains the radial 
haemal canal. The darkly-staining floor of the radial nerve 
contains supporting cells or "Stotzzellen" (see Unger 1962). 
The thick layer situated immediately above the supporting cell 
layer contains nervous elements and processes from the cells 
in the supporting cell layer. The thin, darkly-staining layer 
above the nervous layer is composed of coelomic lining cells 
and the cell and cell processes associated with the hyponeural 
nervous system (Lange's nerve). 110.3X. 
Figure 12-113. Gonadal lobules from small, sexually immature asteroids have 
this appearance. The lobular lumen contains masses of 
"nutritive phagocytes". The germinal epithelium is virtual ly 
absent, and it is impossible to determine the sex of animals 
in this condition. 281.6X. 
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Figure 12-114. Immature ovary from a moderately small (53 mm diameter) 
Asterias vulgaris. Large numbers of immature 
(previtellogenic) ova are observed in the germinal epithelium. 
lll.2X. 
Figure 12-115. Ovarian lobules of Asterias vulgaris filled with fully mature 
eggs. 110.3X. 
; .. 
, . 
' 
---· .. 
.. 
.t 
: 
.-/ ~;. 
,~t~~t~{ 
Figure 12-116. A mature testicular lobule from Asterias vulgaris. The 
tripartite nature of the gonadal wall is evident in this 
section (see text). 288.2X. 
Figure 12-117. A GMA section of the wall of the mature Asterias testis. The 
germinal epithelium is thrown up into a series of 
closely-packed, pleat-like folds. A 4 ~m-thick GMA section 
stained with direct bordeaux EN-toluidine blue 0. 697.6X. 
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Figure 12-118. Spent ovarian lobules from an Asterias vulgaris taken during 
the winter. Relict ova are in the process of being digested 
by "nutritive phagocytes". A number of small previtellogenic 
oocytes may be seen in the germinal epithelium. 110.3X. 
Figure 12-119. Section through the wall of an asteroid pyloric caecum. As 
indicated in the text, the asteroid caecal wall is quite 
complex, consisting of four primary layers. A 4 ~m-thick GMA 
section stained with direct bordeaux EN-toluidine blue 0. 
288.2X. 

Figure 12-120. a,b. The wall of the asteroid pyloric caeca. a. Astropecten 
americanus; b. Asterias vulgaris. Figure 12-120a. The two 
outer layers of the caecal wall are particularly 
well-represented in this section (see text for description). 
The arrow indicates the inner fibrillar sublayer of the second 
or musculo-fibrillar layer. It may be seen that processes 
originating in the outer epithelial cell layer--the visceral 
peritoneum--extend into the musculo-fibrillar layer (see 
Anderson 1954). The fibrillar sublayer contains connective 
tissue fibrils and granule-containing cells. a. 1326.6X~ 
Figure 12-120b. The neurofibrillar layer (arrow) is well 
depicted in this section of pyloric caecum from ~ vulgaria. 
120a,b: 4 ~m-thick GMA sections stained with direct bordeaux 
BN-toluidine blue 0. b. 1316.6X. 
Figure 12-120-b. 

Figure 12-121. Transverse section of the disk of Asterias vulgaris passing 
through the madreporite (arrow) and stone canal and 
incorporating portions of two adjacent arms. The scroll-like 
structure located immediately ventral to the madreporite is 
the stone canal. 29.1X. 
Figure 12-122. This photomicrograph shows the madreporite, stone canal (the 
scroll-like structure) and a portion of the axial gland (ag). 
~10.3X. 

Figure 12-123. Section through the oral region of Asterias vulgaris; the 
peristome (p), mouth (m), stomach (s), Tiedemann body (tb), 
and circumoral nerve (c.n.) are indicated. 29.1X. 
Figure 12-124. This photomicrograph shows a Tiedemann body (tb), the 
circumoral water canal (ewe), the hyponeural ring sinus (hrs), 
the oral haemal ring (ohr), and the circumoral nerve (en). 
111.2X. 

Figure 12-125. An ectocommensal peritrich ciliate from the body surface of 
Asterias vulgaris. 697.6X. 
Figure 12-126. Section through the body wall of Echinarachnius parma showing 
the abundant granule-containing epithelial cells of the outer 
layer. The bundle of muscle fibers (m) in the middle or 
dermal layer is associated with a spine, not shown. A 
4 ~m-thick GMA section stained with direct bordeaux 
BN-toluidine blue 0. 290.4X. 

Figure 12-127. Se~tion through the body wall of E~hinarachnius parma showing 
Spl~es (arrows), both in longitudinal and cross-section and 
Figure 12-128. 
pod1a, or tube feet. 113.7X. ' 
Longitudinal section of an an~ulacraL p~dium of Echinarachnius 
parma. A 4 ~m-thick GMA section stained with direct bordeaux 
BN-toluidine blue 0. 288.2X. 
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Figure 12-129. A respiratory podium (arrow) in the aboral body wall of 
Echinarachnius parma. The elongate, tubular structures seen 
in the coelomic cavity are ampullae. 112.0X. 
Figure 12-130. Section of the mouth, ' jaws (Aristotle's lantern), and 
esophagus of Echinarachnius parma. al, portions of 
Aristotle's lantern; es, esophagus. 29.1X. 
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Figure 12-131. Section taken through the disk of Echinarachnius parma showing 
the stomach. 29. 6X. 
Figure 12-132. 'Section of the disk of a female Echinarachnius parma showing 
portions of the intestine and the two prominent haemal 
channels (arrows) referred to in the text. The ovarian 
lobules contain immature, previtellogenic Qocytes. 29.8X. 
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Figure 12-133. 
Figure 12-134. 
A section of the intestinal wall of Echinarachnius parma. 
The fibrillar (sub) layer is quite prominent and is filled 
with coelomocytes. 697.6X. 
A section through the mouth and jaws of Echinarachnius parma 
showing, in addition to these structures, a portion of tn~ 
esophagus (es), the axial gland (ag), and elements of the 
water vascular system. The madreporite lies directly above 
the esophagus and axial gland; the stone canal brackets the 
axial gland. 111.2X. 
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Figure 12-135. The axial gland of Echinarachnius parma. The large canal 
abutting the perivisceral epithelium of the axial gland is the 
stone canal. 286.0X. 
Figure 12-136. Previtellogenic oocytes in the ovary of an Echinarachnius 
parma taken during the winter. 111.2X. 
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Figure 12-137. Mature eggs from the ovary of an Echinarachnius parma taken 
during the summer. 111.2X. 
Figure 12-138. Sperm in the testicular lobules of Echinarachnius parma. 
112.0X. 
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Figure 12-139. A cauliflower-like tumor on the aboral surface of 
Echinarachnius parma. 
Figure 12-140. The blastema of a raised, wart-like bump on the aboral surface 
of an Echinarachnius parma. A 4 ~m-thick GMA section stained 
with direct bordeaux EN-toluidine blue 0. 111.2X. 
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INTRODUCTION 
Hetal concentrations in sediment, fauna (megabenthos, 
zooplankton, and neuston), and particulate matter collected in the 
Hiddle Atlantic region of the continental shelf are discussed in this 
second year baseline/benchmark program report. This study was 
undertaken to establish baseline levels of some metals against which 
the impact of oil exploration and possible future pollution episodes 
could be measured. Trace elements determined included barium and 
vanadium by proton induced x-ray emission (PIXE), and cadmium, 
chromium, copper, iron, lead, nickel, and zinc by atomic absorption 
(AA) • 
Offshore petroleum production on the Atlantic Continental Shelf 
might affect metal distributions, first, due to drilling, which, once 
underway, could thereby add anthropogenic metals to the environment, 
and second, due to consequences of an oil catastrophe, such as a spill 
or blow-out. Crude oils have variable metal concentrations, as shown 
in Table 13-1. \~hen one considers that naturally occurring metal 
levels in water are usually in the pg/1 range, the effect of metals 
and oil added to the ocean from extraction (from drilling rigs, 
spilled drilling mud, or brines coproduced with oil and gas) or losses 
during oil transport (tanker and barge traffic) from drill rig to 
shore might be significant. Holmes et al. (1977) observed marked 
increases in Ba, Cd, and Zn in sediment at drill sites following 
drilling operations in the Gulf of Hexico. Organics produced could 
solubilize metals by complexation and thereby play a role in element 
transport (Schindler et al. 1972; Leckie and James 1974). Copper, for 
example, has been found to extensively complex with organics in 
seawater (Slowey et al. 1967; Hilliams 1969; Campbell et al. 1977), 
and the addition of such organics could alter existing metal cycling 
patterns and possibly lead to preferential uptake by organisms. Tar 
balls, in oil surface films, also have high metal concentrations 
(e.g., up to 200 ppm Zn) and could have a yet to be determined 
ecological impact (Feldman and Cawlfield 1974). 
In the following analysis of heavy metal distribution patterns, 
spatial and seasonal trends for both years of this study are 
considered. Chemical, biological, and physical parameters are 
assessed and correlated as to their impact on metal concentrations, 
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Table 13-1. Trace metal concentrations in crude oil (ppm). 
Metal Concentration Range 
Cd <0.05 
- 6.6 
Co 0.08 - 1.8 
Cr <0.2 - 6 
Cu <5 - 90 
Fe 0.01 - 0.6 
Mn 1.3- 12.0 
Ni 4.'9 
Pb 4 
v 0 24 
Zn <.09 
*1 - Costantinides and Arich (1967) 
2 - Shah et al. (1970) 
3 - Filby and Shah (1971) 
4 - Feldman and Cawlfield (1974) 
5 - Robbins (1974) 
6 - Duewer et al. (1975) 
7 - Robbins and Walker (1975) 
8 - Yen (1975) 
9 - Goldstein and Siegmund (1976) 
- 5no 
- 86 
- 3.6 
-11 
13-2 
SourCe* 
7,8 
4 
2,3 
3,9 
4,5,6 
1,3,6,9 
1,3,4,6,9 
2,3,6 
8 
3 
accumulations, and interactions in the sediment and overlying waters 
of this area of the Atlantic, 
METHODS AND }~TERIALS 
Collection Hethodology 
In Chapter 2, Benchmark Sampling, general field methodology, 
including stations and collection procedures, was discussed, On-board 
processing methods for trace metals will be considered here. 
Zooplankton 
Subsamples collected from each bongo tow (202 ~ and 505 ~) at 
the water column stations were transferred into pre-washed nitric acid 
glass jars frozen at -4°C or lower until analyzed, 
Neuston 
A maximum of two species per water column station sampled were 
stored in acid-washed glass jars and frozen at -4°C or lower. 
Sediment 
At each benthic station, six individual replicate samples (at 
least 100 g) were obtained from the six separate grabs using a 
non-contaminating plastic scoop or corer. These were then stored in 
plastic bags at -4°C or lower until analyzed. Care was taken not to 
subsample sediment in close proximity to the sides of the metal 
sampler. 
Epifauna and Infauna (Hegabenthos) 
Four species were collected at each dredge and trawl station, 
stored in pre-washed nitric acid glass jars, and frozen at -4°C or 
lower. 
Particulate Hatter 
Surface and bottom water samples were obtained using a 
non-contaminating 30 liter Niskin sampler at each of the 12 water 
column stations. After prefiltering with methanol to open air-clogged 
pores, the sea water was vacuum-filtered from polyethylene reservoirs 
through pre-washed 0.4 ~. 47 mm Nuclepore membranes contained in 
inline, Millipore filter holders. The membranes were then rinsed with 
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distilled and deionized Hater to remove sea salts, Filter holders 
Here transferred to polyethylene bags containing desiccant, sealed, 
and stored at -4 °C or loHer. 
Laboratory Procedures 
In the preparation of various leachate and total digest 
solutions, precautions were routinely observed in the interest of 
keeping the contamination from various sources as low as possible. In 
the folloHing description of the procedures adopted to minimize 
contamination, several laboratory reagents and their mixtures will be 
frequently mentioned, For convenience and brevity, they will be 
annotated as follows: 
1) Deionized Hater as D,I, H20 
2) 1:1 (v/v) solution of concentrated (70%) nitric acid 
and deionized water at 1:1 HN03 
3) Concentrated (70%) nitric acid Hhich has been passed once or 
twice through a fused silica sub-boiling distillation system 
will be Hritten as 1P or 2P HN03. 
Labware Leach Procedures 
Special cleaning procedures Here developed for specific types of 
labHare. Centrifuge tubes, used as containers for samples and metal 
standards, were acid leached for residual trace elements by adding 
approximately 25 ml of 1:1 HN03 and shaking on a mechanical 
Hrist-action shaker for 15 minutes. They were then rinsed five times 
Hith D,I. H20 and allowed to air dry in a clean station, 
Zinc contamination of labHare was difficult to minimize. A 
number of cleaning procedures Here tested to solve this problem, The 
following procedures for the labware mentioned beloH were found to be 
most effective: 
1) Kjeldahl flasks and volumetric flasks: 
a) Rinse with 1:1 HN03, then rinse twice with D,I. 
HzO. 
b) Soak in detergent solution (7-X-omatic) for a minimum of 
one hour, Rinse four times with D.I. HzO. 
c) Leach overnight in a hot (70°C) acid bath (1:1 
HN03). 
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d) Rinse 5 times with 0,7% 1P HN03 , 
e) Rinse with D.l. H20 and air dry in clean station. 
2) Atomic absorption spectrophotometer sample cups: 
a) Soak in 1:1 HN03 for a minimum of 30 minutes. 
b) Rinse twice with D,I. H20, rinse three times with 
0.7% lP HN03, then rinse twice with D,l. H20. 
c) Air dry in clean station, store in pre-cleaned plastic 
ziploc bag. 
After drying, all labware was placed in plastic bins which were 
then stored in dust-free, non-metallic cabinets. 
High Purity Reagents 
Reagent grade acids (HCl, HN03, and cH3cooH) were doubly 
distilled using a sub-boiling distillation process in a fused silica 
still. Stills were cleaned regularly following the distillation of 
approximately 3 liters of acid. High purity HF was obtained from the 
National Bureau of Standards. High purity water was obtained by 
passing tap water through the following five stages in sequence: 
coarse filtration, passage through activated charcoal, a coarse and a 
fine stage of deionizing columns (ion exchange) with the high 
resistivity of the deionized water from either column constantly 
indicated by a neon light, and a final filter to remove very fine 
particles in the water, All high purity reagents and water used were 
quantitatively analyzed for trace metals of interest by AA and/or PIXE 
to ascertain that their use would not significantly contaminate 
prepared digest or leach solutions. 
Preparation of Sediment 
Samples were thawed and sieved through a 2 x 3 mm mesh 
polyethylene screen with a nalgene rod to separate coarse shell 
fragments and pebbles. Sieved sediments were thoroughly mixed with a 
stirring rod. The six replicate grabs from each station were blended 
thoroughly to form two sub-blends and one superblend as follows: (A) 
sub-blend 1 (B1) obtained by blending 100 g of sediment each from grab 
numbers 1,2, and 3; (B) sub-blend 2 (B2) obtained by blending 100 g of 
sediment each from grab numbers 4,5, and 6; and (C) superblend (SB) 
obtained by blending 100 g of blends B1 and B2. A weighed portion 
(~100 g) of each blend (or unblended sample) was dried at 60°C to 
constant weight. (See Table 13-2 for wet/dry weight ratios). 
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Table 13-2. Sediment wet/dry weight ratios for superblends. 
Avera!J;e Average 
Cruises 1-4 Cruises 5-8 Cruises 1-4 Cruises 5-8 
Station Mean ± S.D. Mean + S.D. Station Mean + S.D. Mean ± S.D. 
Al 1. 28 ± 0.03 1.30 ± 0.01 Gl 1.15 ± 0.04 * A2 1.38 ± 0.03 1.40 ± 0.02 G2 1.26 ± 0.07 1.24 ± 0.03 
A3 1. 36 ± 0.02 1.35 ± 0.01 G3 1.30 ± o.oo 1. 33 ± 0.07 
A4 1. 37 ± 0.04 1.36 ± 0.02 G4 1.21 ± 0.03 1.22 ± 0.01 
G5 1.26 ± 0.01 1.29 ± 0.06 
Bl 1.27 ± 0.03 1.27 ± 0.02 G6 1.37 ± 0.03 1.36 ± 0.03 
B2 1.20 ± 0.02 1.21 ± 0.01 G7 1.37 ± 0.03 
* B3 1.31 ± 0.02 1.29 ± 0.03 
B4 1. 20 ± 0.01 1.20 ± 0.01 Hl 1.38 ± 0.04 1.35 ± 0.01 
B5 ** 1.24 ± 0.00 H2 1.71± 0.01 1. 78 ± 0.05 
Cl 1.18 ± 0.02 * I1 1.23 ± 0.01 1. 25 ± 0.01 
C2 1.19 ± 0.02 1. 22 ± 0.02 12 1.19 ± 0.04 1.19 ± 0.01 
C3 1.14 ± 0.03 * I3 1.29 ± 0.01 1.28 ± 0.02 
C4 1. 34 ± 0.17 1. 38 ± 0.03 14 1.59 ± 0.03 1.71 ± 0.10 
Dl 1.26 ± 0.06 1.23 ± 0.01 Jl 1.44 ± 0.04 1.40 ± 0.04 
D2 1.21 ± 0.03 * J2 2.18 ± 0.01 2.20 ± 0.01 
D3 1.23 ± 0.01 * 
D4 1. 30 ± 0.03 1.26 ± 0.03 Kl 1.19 ± 0.08 * K2 1.24 ± 0.04 1.24 ± 0.02 
El 1. 25 ± 0.03 1.24 ± 0.04 K3 1.21 ± 0.06 * 
E2 1. 24 ± 0.00 1.24 ± 0.03 K4 1.36 ± 0.04 1.36 ± 0.01 
E3 1.20 ± 0.01 1.21 ± 0,01 K5 1.32 ± 0.04 1.33 ± 0.02 
E4 1.23 ± 0.03 1.24 ± 0.01 K6 1.35 ± 0.03 1.42 ± 0.07 
Fl 1.26 ± 0.04 1.22 ± 0.01 Ll 1.25 ± 0.01 * 
F2 1.34 ± 0.04 1.29 ± 0.03 L2 1.29 ± 0.03 1.32 ± 0.01 
F3 1.32 ± 0.05 1.31 ± 0.01 L3 1.24 ± 0.01 * 
F4 1.35 ± 0.10 1.34 ± 0.05 L4 1.20 ± 0.02 1.23 ± 0.02 
L5 1.29 ± 0.01 1.33 ± 0.01 
L6 1.40 ± 0.02 1. 46 ± 0.04 
*Not sampled during the second year 
**Station B5 added second year for recolonization study 
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Sediment Leachate Preparation 
A 15.00±.02 g portion of dried sediment was transferred to a 50 
ml polypropylene centrifuge tube, and 20 ml of 5N 2P HN03 was slowly 
added being careful to control frothing in high Ca samples. After 
frothing subsided, the tube was capped and shaken for two hours at 
room temperature. After shaking, the tube was centrifuged and the 
supernatant gently decanted into a 50 ml volumetric flask. Decanting 
was stopped when the packed sediment at the bottom began to be 
disturbed. The remaining leachate solution and sediment was mixed 
with 10 ml of high purity water, shaken, centrifuged, and decanted 
into the volumetric flask. The above water treatment was repeated. 
The leachate solution in the volumetric flask was spiked with~1000 ~g 
of Indium, diluted to volume with high purity water, and transferred 
to a storage tube for AA and PIXE analysis. 
Sediment Total Digest Preparation 
During the first year of this study, total digest preparation and 
AA analysis were done by USGS (Bothner 1977). The analytical method 
that foll01<s is applicable to the second year (Cruises 05-08) samples 
collected. The dried sediment blends were ground in a non-metallic 
grinder to pass through a 100 mesh plastic screen. 1.00 g of the 
ground sediment was placed in a 50 ml teflon beaker to which was added 
15 ml 2P concentrated HC1. Samples were covered with teflon watch 
glasses and heated to 175°C for one hour. After cooling, 5 ml 2P HN03 
was added to the mixture and samples were heated again for one hour. 
After a second cooling, 5 ml NBS HF (48%) was then added and samples 
were heated for another hour. The heat was reduced to ~120°C and the 
samples allowed to cook overnight. Then the cover was removed and the 
mixture allowed to evaporate to dryness. At this stage, 10 ml of 2P 
HC1 was added to each sample and the samples heated to dryness again. 
Then 10 ml of 8% 2P HCl was added to each sample, and the samples were 
warmed slightly for one hour to redissolve the residue. The solution 
was allowed to cool, then decanted into a preweighed centrifuge tube. 
Ten (10) ml of 8% 2P HC1 was added to the remaining residue and the 
mixture taken through the warming and cooling cycle as above. The 
resulting solution was poured into the same preweighed centrifuge tube 
previously used. The beaker was then rinsed with 8% 2P HCl and the 
rinse mixture transferred to the same centrifuge tube. The combined 
solutions were then doped with ~250 Jl g In and diluted to 30 ml for 
PIXE and AA analysis. 
Preparation of Total Digest Solutions from Benthic 
Macrofauna, Neuston, and Zooplankton 
All macrofauna were rinsed in deionized water prior to 
preparation for digestion. The dissected or whole tissue sample 
(Tables 13-3 and 13-4) was placed in a weighed acid-cleaned Kjeldahl 
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Table 13-3. Method for obtaining soft tissues for trace metal analysis. 
Animal 
Clams, snails, and scallops 
Crabs 
. Sand dollar 
Starfish 
Fish 
Method 
Shell opened, all soft tissue removed and 
used in sample 
Legs broken off from body, muscle tissue 
removed from juncture 
Shell broken and tissue scraped from 
the interior shell surface and flushed 
out of crevices with water 
Arms split and tissue scraped from under-
neath the hard skin and flushed with water 
(with exception of species listed in Table 
13-4) Skin and bones removed, lateral 
muscle tissue behind gills used 
Table 13-4. Organisms used in their entirety for trace metal analyses 
during the second year. 
. Animal 
Shrimp 
Fish 
Squid 
Quillworm 
Method 
Dichelopandalus leptoceras 
Munida iris 
Ammodytes americanus 
Loligo sp. 
Hyalinoecia artifex 
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flask to determine wet weight. Samples prone to bump or spatter 
(e.g., 202 m zooplankton) were placed into specially prepared 
crooked-neck Kjeldahl flasks. The sample was then dried to a constant 
weight in a vacuum oven at 60°C and dry weight determined. (See 
Appendix 13-A for wet/dry weight ratios for biota.) Ten ml/g of 
concentrated 2P HN03 (minimum 10 ml) was added to the sample and the 
sample allowed to stand at room temperature for a minimum of two 
hours. The sample was heated and allowed to reflux for one hour. 
Subsequently, the mixture was taken to near dryness, reducing heat as 
necessary to minimize bumping or the possibility of sample ignition. 
The temperature was gradually increased to ~340°C and held for 30 
minutes to ash the sample. The sample was then cooled, S ml/g of 
concentrated 2P HN03 added, and heated slightly to redissolve the ash. 
A 30% solution of H202 (10 to SO ml) was continually added to the 
mixture dropwise until the solution was clear yellow in color. The 
solution was again taken to near dryness. One ml of concentrated 2P 
HN03 and some high purity water was added to redissolve the sample. 
The solution was transferred to a 2S ml volumetric flask, doped with 
~soo pg of Indium, and taken to full volume with deionized water. 
This doped solution was decanted into plastic tubes for storage in a 
refrigerator for PIXE and AA analyses within 48 hours. 
Atomic Absorption Analysis 
The instrumental parameters for the various elements measured 
with the AA-spectrophotometer (Perkin Elmer 360 at Virginia Associated 
Research Campus (VARC), and Varian AA-S at Virginia Institute of 
Marine Science (VIMS), both with digital readout capability) are 
listed in Table 13-S. 
In 1977, an automated sampling unit AS-1 was acquired for the 
flameless attachment for the Perkin Elmer-360 at VARC. The sampling 
reproducibility was improved when sample volume settings of 2S and 
SO pl were selected, as shown in Table 13-6. For copper standards, 
the relative standard deviations were significantly lower with the 
AS-1 than with the manual injection technique. Sampling 
reproducibility, hm;ever, suffered somewhat at the 10 pl volume 
setting. This is shown in the data for a lead standard solution and 
bovine liver (standard reference material) sample. The relative 
standard deviations for the AS-1 were slightly higher than those for 
the manual injection method, possibly reflecting the difficulty in 
accurately delivering such a small volume from the sample cup into the 
graphite tube. 
Computer Analysis of Raw AA Data. Readings obtained from three 
or more standards (see Table 13-S) were entered on cards for computer 
reduction to best fit straight line. Readings from unknowns were 
intermixed with these standards, and linear regressions were performed 
to yield concentrations for the unknown samples. 
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Table 13-S. Parameters for elements run by AA. 
Elements 
Specifications Cd Cr Cu Fe Ni Pb Zn 
FLAME AA - VARIAN AA-S 
wavelength, nm 228.8 3S7.9 324.7 248.3, 30S.8 232.0 217.0 213.9 
slit width, ]J 200 100 100 so so 300 100 
lamp current, ma 3 3 3 s s s s 
H2 lamp background correction yes yes yes yes yes yes yes 
a1r flow, meter units 7 7 8 7 7 7 8 
c2H2 flow, meter units 2 4 2 2 2 2 2 
upper limits of stds. ]Jg/ml 1.0 3 4 6, lSO 2 3 l.S 
FLAMELESS AA - PERKIN-ELMER AA (360) 
,... Suspended Particulates w 
I 
,... 
wavelength, nm 228.8 3S7.9 324.7 248.3 232.0 283.3 213.9 0 
slit width, nm 0.7 0.7 0.7 0.2 0.2 0.7 0.7 
lamp current, ma 4 12 1S 30 25 10 13.S 
filter position in out out out out out in 
D2 lamp on on on on on on on Ar gas flow, meter units 20 20 20 20 1S 7.S 20 
mode of gas usage normal normal normal normal normal interrupt normal 
sample aliquot size, ]Jl 20 10 10 10 20 10 10 
dry temperature, °C lSO lSO 150 12S lSO 12S lSO 
dry time, sec. 20 20 20 20 20 10 10 
char temperature, oc soo 700 600 600 600 soo 600 
char time, sec. 10 10 10 10 10 20 lS 
atomization temp., oc 2100 2700 2700 2700 2700 2600 2100 
atomization time, sec. 9 9 9 8 9 s s 
signal mode peak peak peak peak peak peak peak 
upper limits of stds. ]Jg/1 3.9 100 100 115 lOS 110 S.2 
Table 13-5. (Concluded.) 
Elements 
Specifications Cd Cr Cu Fe Ni Pb Zn 
Biota 
wavelength, nm 357.9 232.0 283.3 
slit width, nm 0.7 0.2 0.7 
lamp current, rna 12 25 10 
filter position out out out 
n2 lamp on on on 
Ar gas flow, meter units 20 15 7.5 
mode of gas usage normal normal interrupt 
sample aliquot size, ~1 10 20 10 
dry temperature, oc 150 125 125 
dry time, sec. 10 20 10 
char temperature, °C 1100 1000 500 
char time, sec. 8 10 20 
atomization temp., °C 2680 2700 2600 
atomization time, sec. 8 9 5 ,... 
w signal mode peak peak peak 
I 
,... upper limits of stds. ~gil 100 105 110 ,... 
Sediment Total Digest 
wavelength, nm 228.8 232.0 283.3 
slit width, nm 0.7 0.2 0.7 
lamp current, rna 4 25 10 
filter position in out out 
n2 lamp on on on 
Ar gas flow, meter units 20 15 7.5 
mode of gas usage normal normal interrupt 
sample aliquot size, ~1 50 50 10 
dry temperature, °C 150 150 125 
dry time, sec. 20 20 10 
0 500 600 500 char temperature, C 
char time, sec. 10 10 20 
atomization temp., oc 2100 2700 2600 
atomization time, sec. 9 9 5 
signal mode peak peak peak 
upper limits of stds. ~g/1 3.9 105 110 
Table 13-6. Atomic absorption analyses, AS-1 versus manual 
Concentrations .. TyJ2es'cif ·rnjections 
Solutions Volumes (j?J2b) 
Cu STDS. 25 ]11 54.6 
36.4 
18.2 
Cu STDS. so ]11 54.6 
36.4 
18.2 
Pb 10 ]11 20.98 
Pb in 10 ]11 
Bovine Liver. 
x = mean absorbance values x 1000 
S.D. = standard deviation 
AS-'1 · · 
X = 126 
S.D. = .9 
RSD = 0. 72 
X 86.8 
S.D. = 1.40 
RSD = 1.61 
X= 45.4 
S.D. = 1.67 
RSD = 3.70 
X 226 
S.D. = 2.5 
RSD = 1.10 
X= 159 
S.D. = 1.8 
RSD = 1.19 
X 86.0 
S.D. = 1.2 
RSD = 1.49 
X= .0620 
S.D. = .0042 
RSD = 6.75 
X .0355 
S.D. = .0031 
RSD 8. 72 
RSD = relative standard deviation= (S.D.H)(lOO) 
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Manual 
113 
5.6 
4.96 
77.1 
2.33 
3~02 
40.7 
2.70 
6.62 
224 
4.6 
2.05 
155 
2.6 
1. 70 
84.0 
2.7 
3.23 
.0688 
.0029 
4.21 
.0349 
.0024 
6.88 
injection. 
Number of .. 
Replicates 
11 
11 
12 
12 
12 
12 
20 
The standards were used to determine the slope H and the 
intercept Y0 from the equation 
Y (knmm cone,) = Y0 + H•X (Absorbance), 
Y0 was treated as a contaminant and the regressions yielded 
Unknown Cone, = (Y - Y0 ) = H•X(Abs,) 
The X(Abs,) reading for each sample was determined from three or more 
successive readings, and standard deviations (instrumental) were 
estimated from these readings using the equation 
S.D. 
Standard Additions, In the standard addition analysis, a 
calibration curve was·obtained by analyzing a series of three or more 
standards (upper limits shown in Table 13-5) containing known 
concentrations of the metal of interest, Readings were then obtained 
for an aliquot of sample and for an identical aliquot to which a known 
quantity of the metal had been added, The concentration of metal in 
each solution was calculated from the calibration curve, The 
difference in concentration between the two aliquots should be equal 
to the amount added unless the sample matrix alters the instrument 
response, in which case the apparent concentration of the unknown must 
be multiplied by the ratio of the amount actually added to the 
apparent amount added, In practice, usually two or more aliquots with 
different, but known, added amounts of the metal of interest were 
analyzed. This technique assumed that the alteration in the 
instrument response due to matrix effects was the same for the base 
(no metal added) sample and the sample aliquots with added metals, 
The corrected analyte concentrations were then calculated as follows. 
The known metal additions and measured values of their concentration 
were assumed to follow the relationship 
Y (meas,) = YrNT. + (slope) • X(added) 
where YrNT, is the concentration measured in the base sample. A least 
squares procedure was used to find the values for YJNT and slope. The 
measured values in the base solutions (no metal added) 1<ere then 
corrected by 
Y(corrected) = Y(meas,)/slope. 
Care was used to guard against the standard addition calculations 
being affected by a contaminated solution. 
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A preliminary indication of the need for standard addition 
analyses was obtained by measuring slopes of the standard addition 
curves which confirmed matrix suppression of the absorption signals. 
The need for standard additions, as noted during the first year of 
this study (Harris et al. 1977) was further verified by a comparison 
of PIXE and AA data on the same solutions for a large number of biota 
and sediment leach samples. As a result, standard addition 
corrections were required for Cr in high Ca (>0.5% as determined by 
PIXE) sediment leaches, Pb in sediment total digests, as well as for 
Fe, Cr, and Pb in megabenthos, zooplankton and neuston, 
Standard addition increments were similar to apparent 
concentrations (e.g, between 0.5 and 2 times the apparent 
concentration) for accuracy in determining the slope and intercept 
from the resulting curve. Hhen the concentration of a metal was 
outside the linear range, samples were diluted such that the final 
acid content of the analyte matched that of the standards used to 
calibrate the AA instrument, e.g. 2.8% HN03 for biota. If an aliquot 
with metal added required dilution, the sample base (no metal added) 
was also diluted even if the base was initially within the linear 
range, This was done to keep the matrix effects for the sample base 
aliquot and the standard addition aliquots as similar as possible. In 
order to minimize altering the matrix concentration when no dilution 
was required, a small volume of concentrated dopant (metal of 
interest) was added to a relatively large aliquot of sample (e.g. 
10 pl additions to a 1 ml aliquot would give final volumes of 1.00, 
1.01, 1.02 where the maximum volume change is 2%), The approximate 
amount of metal present in the samples was determined by conducting a 
preliminary atomic absorption analysis. This was accomplished by 
analyzing one standard and one aliquot of each of the samples. One ml 
of each of the sample solutions was pipetted into three precleaned 
culture tubes. These served as the base and Add 1 and Add 2 
solutions, From the preliminary analysis, the amounts of metal to be 
added were calculated and solutions of the proper concentration were 
made. 
Trace Element Analyses of Suspended Particulates 
Table 13-7 (for Cruises 05-08) gives the dry weights of the 
suspended matter collected on Nuclepore filters before the filters 
became clogged by the suspended matter, Since dry sample weight was 
<2 mg for most of the samples and the final analyte volume was 10 ml 
(the smallest volume we could use) for both the leachable and 
refractory fractions of the sample, this consituted a dilution factor 
of at least 5,000 from dry sample to analyte solution for AA analyses. 
Because of the very large dilution factors, even very low level 
contamination in the procedural blank could become rather large in the 
dry sample. Because of the possibility of the results becoming 
clouded by the variable low level contamination and the very large 
dilution factors, a third (non-destructive) analysis on untreated dry 
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Table 13-7. Suspended particulate weight and volume data for cruises 
05-08. 
Height of Dry Volume of Filtered 
Cruise Station-Depth Deposit (mg) Sea \Vater (liters) 
05 A2-lm 0.62 2.9 
130m 9.0 2.3 
B5-lm 1.5 1.9 
55m 1.7 3.4 
Cl-lm 1.6 1.6 
14m 1.7 115 
Dl-lm 1.3 1.3 
34m 1.2 1.9 
E3-lm 0.75 2.8 
60m 0.90 3.5 
F2-lm 0.69 2.2 
103m 2.2 5.6 
Jl-lm 0. 78 2.1 
200m 0.56 3.9 
Ll-lm 5.0 2.0. 
25m 3.8 2.0 
L2-lm 0. 58 1.6 
36m 1.0 3.6 
L4-lm 0.79 2.6 
75m 1.0 5.4 
L6-lm 0.61 1.0 
200m 1.2 1.3 
N3-lm 1.2 2.6 
40m 0.75 1.9 
06 A2-lm 0.07 3.5 
120m 0.88 3.6 
B5-lm 1.2 8.3 
55m 0.47 5.6 
Cl-lm 2.5 2.3 
15m 4.5 1.3 
Dl-lm o. 70 1.9 
30m 1. 70 1.8 
E3-lm 1.0 6.4 
60m 0. 72 5.5 
F2-lm 1.4 14 
110m 1.3 4.8 
Jl-lm 0.90 5.0 
300m o. 98 14 
Ll-lm 1.8 2.9 
20m 1.6 2.4 
L2-lm o. 79 2.4 
36m 1.8 4.3 
L4-lm 1.9 10 
36m 1.2 12 
L6-lm 1.2 9.7 
210m 1.3 15 
N3-lm 0.39 1.0 
40m 0.68 1.0 
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Table 13-7, (Concluded) 
Height of Dry Volume of Filtered 
Cruise Station-Depth Deposit (mg) Sea Hater (liters) 
07 A2-lm 0.43 1.6 
110m 1.3 5.3 
B5-lm 1.1 1.7 
55m 0.78 2.7 
Cl-lm 0.80 0.53 
14m 1.5 0.99 
Dl-lm 0.57 1.3 
30m 0.62 1.5 
E3-lm 0.29 0.98 
60m 0.56 3.8 
F2-lm 0.45 0.92 
lOOm 0.20 7.4 
Jl-lm 0.80 1.6 
320m 1.2 14 
Ll-lm 0.81 0.78 
20m 1.0 1.1 
L2-lm 0.98 1.2 
36m 1.1 1.4 
L4-lm 0.32 1.0 
90m 0.35 4.5 
L6-lm 0.85 0.70 
350m 1.6 10 
N3-lm 1.3 0.99 
40m 0.69 1.7 
08 A2-lm 0.28 2.9 
110m 2.2 9.0 
B5-lm 0.28 0.48 
55m 0.76 4.8 
Cl-lm 0.37 0.26 
14m 0.52 0.35 
Dl-lm 0.35 1.7 
30m 0.67 1.7 
E3-lm 0.31 3.9 
60m 0.53 3.4 
F2-lm 0.44 2.0 
105m 0.65 5.3 
Jl-lm 0.30 2.8 
320m 0.83 13 
Ll-lm 0.30 1.3 
20m 0.99 0.83 
L2-lm 0.35 1.4 
36m 0.42 1.4 
L4-lm 0.38 2.4 
90m 0.74 3.8 
L6-lm 0.32 3.6 
300m 0.49 14 
N3-lm 0.42 2.5 
40m 0.86 2.9 
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filters bearing suspended particulates was performed using PIXE to 
determine the total trace element content of the sample, Since this 
procedure did not require any sample treatment, the intact sample was 
available for the other two analyses (of leachable and refractory 
fractions) thereby providing the total trace element content of the 
sample without the possible contamination brought on by sample 
leaching and digestion in a bomb, Consequently, the follm<ing three 
types of analyses were performed on these samples. 
Analysis of the Dilute Acetic Acid Leachable Fraction. The 
dried, weighed Nuclepores with the suspended particulate matter 
deposited on them were placed in acid leached polypropylene Buchner 
funnels and retained in place wih an acid leached polypropylene ring. 
Three ml of 25% (v/v), 2P acetic acid were poured on top of the filter 
and allowed to stand for two hours in a clean station, Any leachate 
passing through this 2-hour period was returned to the dilute acid on 
top of this filter, At the end of the 2-hour period, the dilute acid 
was drawn through the filter into an acid leached container by 
suction, The leached filter was rinsed twice with 2 ml of high purity 
water and the total solution transferred to a 15 ml polystyrene 
centrifuge tube, After adding 500 ~1 of 2P HC1, the solutions were 
diluted to 10 ml in an acid-leached volumetric flask and analyzed for 
Cd, Cr, Cu, Fe, Ni, Pb, and Zn by flameless AA. 
Analysis of Refractory Fraction, The filter, after the dilute 
acetic acid leach and water wash, was placed in an acid leached 
all-teflon bomb. 750 ~1 of 2P HC1 was added to the bomb, the bomb 
sealed and heated in a water bath at ~90°C for a minimum of one hour. 
The level of water in the bath was kept lm< enough to prevent any 
contamination from entering the bomb through the threads in the bomb 
cap. The bomb was cooled for 1/2 hour, opened on a clean bench, and 
250 ~1 of 2P HNo3 added. The bomb was then resealed and heated in the 
bath for a minimum of one hour. After cooling, the bomb was opened 
again to add 50 ~1 of high purity HF, then sealed and heated for a 
minimum of 1-1/2 hours in the water bath, After cooling, the 
contents of the bomb were transferred to a preweighed polystyrene 
centrifuge tube, the solution doped with In, and the total volume 
increased to 10 ml gravimetrically. Dilution to the final volume 
gravimetrically (density of the final acid matrix 1,051 at 20°C) was 
resorted to because of the presence of HF in the solution and, hence, 
the need to use 10 ml volumetric flasks made out of HF resistant 
material. No such volumetric flasks (10 ml) made of polyethylene or 
polypropylene were obtainable, There is some error in dilution by 
this procedure due to loss of some acid vapor when the bombs are 
opened after cooling, Although difficult to estimate, this loss and 
the error it causes would be expected to be small. The final solution 
was then analyzed for Cd, Cr, Cu, Fe, Ni, Pb, and Zn by flameless AA, 
and Ba and V by PIXE, 
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Untreated Sample Total Trace Element Analyses by PIXE, An 
alternate procedure for determining the elemental composition was 
tested on a limited number of samples (34 from cruises OS and 08). 
The principal advantages of this method of analysis for total 
concentrations are (1) no elements are lost due to incomplete 
digestion and (2) no contamination from laboratory reagents or 
procedures is introduced, 
Special PIXE target holders were fabricated from plexiglass and 
teflon to hold intact a 47 mm Nuclepore filter, Six samples, three 
external standards, and two blank films in special holders were 
loaded, in the clean room, into the standard PIXE trays, After PIXE 
analyses had been performed, the Nuclepore filters were removed from 
the film holder tray, in the clean room, in order to prepare the weak 
acid leach and refractory digest solutions, 
External standards were made by depositing the USGS rock standard 
AGV (3-10 mg) as a thin layer over a known surface area of a clean 
mylar film blank. To prevent cross-contamination of samples or 
inaccuracies caused by loss of particles of AGV, a thin encapsulating 
layer was formed by applying a methylene chloride solution of metal 
free polycarbonate after weighing the deposited powder. The AGV 
standard reference material was used to calibrate the PIXE system by 
comparing in a least squares method the spectra obtained from both 
samples and standards in the same PIXE tray, The accuracy of the 
external standard method was checked by comparing AGV standard targets 
against themselves and against the reference standards GSP (USGS) and 
NBS Bovine Liver. The calibration accuracy is estimated to be± 20 
percent for an individual standard target, and + 10% accuracy and 
precision for a set of three standards used in each tray of samples. 
In comparison to the internal standard calibration procedure used for 
most routine PIXE targets, the principal reason for the poorer 
precision and accuracy when using current external standard procedures 
is possibly due to the inhomogeneity of the few milligrams of 
suspended solids deposited on the Nuclepore filters. 
Total particulate metal concentrations are shown in Appendix 
13-B. With levels of contaminants considerably lowered and cumulative 
uncertainties due·to the efficiency of leach and refractory digest 
analyses removed, since no acid treatment was required, PIXE analysis 
of untreated particulate samples would provide useful data on the 
total metal content in suspended particulate matter. It appears that 
the levels of total trace metals of interest are high enough in these 
samples that most are readily determined, 
Contamination During Particulate Analysis, The reagents used in 
preparing the leachates and bomb digests were, as previously noted, of 
the highest purity available, Two procedural blanks were analyzed 
with each batch of six samples, Larger batches were not possible 
because of the lengthy time required for flameless AA analysis, 
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Despite extensive precautions, the most significant source of error in 
these samples was the procedural blank levels (in vg/1 of solution 
analyzed) which varied considerably from batch to batch as can be seen 
in Tables 13-8 and 13-9, For each element in a sample, the 
appropriate procedural blank, quite low in most cases, was subtracted, 
In addition, Nuclepore filters were, at times, found to be 
contaminated with the metals of interest in significant amounts 
compared to levels anticipated in samples. Accordingly, additional 
boxes of 0,4 \lm (47 mm diameter) filters were purchased and tested by 
non-destructive PIXE analysis, Results are given in Table 13-10 for 
all elements of interest in the present study. The data are expressed 
in equivalent analyte concentrations to facilitate comparison with 
samples or procedural blanks. 
The data support the following conclusions: 
(1) Cr, Fe, Cu, Zn could be found above detection limits in the 
filter pads. 
(2) Hell quantified contaminants usually were (within statistical 
uncertainty) constant within a box but varied in type and 
amount from box to box. 
Therefore, all boxes of Nuclepore filters should be subjected to 
quantitative analysis before suspended particulate sampling is 
undertaken, Only those boxes with acceptable levels of trace elements 
of interest should be used. 
Quality Control Procedures in Trace Hetal Analysis 
Contamination Control 
PIXE thin film sample preparation and sub-boiling acid 
distillation were performed in a clean room. All labware (except 
plastic tubes that were dilute acid rinsed) that came in contact with 
the samples was acid leached at least overnight after routine washing 
with detergents. The level of metals in the hot acid leach tank was 
checked periodically and replaced at least once a month. 
As pointed out earlier, all reagents used in the laboratory were 
of the highest purity possible. The water was doubly deionized and 
triple filtered, HN03, HC1, and acetic acid were doubly distilled at 
sub-boiling temperatures in a fused silica still, and high purity 
hydroflouric acid was obtained from NBS; out of the several bottles of 
pure H202, the ones measured to be the lowest in trace metals of 
interest were used, All reagents used were checked for trace metal 
content (see Tables 13-11, 13-12) once before use in sample 
preparation. At least 5% of the total number of analyses were 
procedural blanks (with reagents cycled through a typical sample 
(TEXT CONTINUES ON PAGE 13-25) 
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Table 13-8. a Mean procedural blanks grouped by batches for HOAc leachable 
metals in marine suspended particulate matter (~g/1 in 
ana1yte). 
Code Nos. of Sample 
Batches Corrected 
Cruise No lUth this Blank Cr Fe Ni Cu Zn Cd 
05 19-66, 68 11 37 ND 3.1 180 2.5 
2 1 10 .4 20 .2 
19-76, 78 15 ND ND ND 84 ND 
4 80 3 40 10 o. 7 
06 19-98, 100 5.8 40 4 14 60 ND 
0.4 10 2 5 20 .1 
19-102, 104 4 ND ND 3 110 ND 
2 10 0.8 1 40 0.03 
07 19-108 6 7 ND 31 ND ND 
2 1 3 10 80 0.08 
19-110 3.2 24 9.8 21 ND ND 
.3 6 .8 1 50 0.08 
19-112 4 18 13 20 31 ND 
1 7 2 1 1 0.05 
19-114 3.5 33 ND 24 118 ND 
0.3 6 2 2 10 0.08 
08 19-116 ND 64 ND 3.9 115 ND 
8 6 10 0.3 3 0.05 
19-118 12.4 2970 7 ND 39 ND 
.6 90 3 3 4 .5 
19-120 28 2200 ND 7 28.6 ND 
3 600 5 1 .8 0.1 
19-122 4.2 2000 ND ND 54 ND 
0.4 100 20 10 4 .5 
Pb 
ND 
1 
ND 
20 
ND 
2 
ND 
1 
6 
1 
3.6 
1.0 
3 
1 
3.7 
1.0 
ND 
2 
ND 
2 
2.3 
0.7 
3 
1 
aDetermined by Atomic Absorption Spectrophotometry. (Upper number =mean; 
bottom number= standard deviation). ND = < 2 standard deviations. 
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Table 13-9. a Mean procedural blanks grouped by batches for the refractory 
fraction of marine suspended particulate matter (vg/1 in 
analyte), 
Code Nos. of Sample 
Batches Corrected 
Cruise No Hith this Blank V Cr Fe Ni Cu Zn Cd Ba Pb . 
05 19-66, 68 ND 25 110 9 4.0 220 NIT ND 
30 6 30 3 . 7 40 1 60 
19-76, 78 ND ND ND ND 20 ND ND ND 
10 20 70 3 10 2 0.2 30 
06 19-98, 100 ND 42 9 4 13 ND ND ND 
10 7 1 1 3 20 0.05 20 
19-102, 104 ND 22 30 3.3 21 ND ND ND 
10 7 10 .6 6 9 0,1 30 
07 19-108 ND ND 48 6 38 ND ND ND 
20 20 6 1 9 90 0.1 20 
19-110 ND ND 30 ND 3.5 3.4 ND ND 
20 20 8 1 0.4 0.4 0.06 30 
19-112 ND ND 41 ND 7 4.1 ND ND 
20 20 3 7 2 0.3 0.06 30 
19-114 ND ND ND ND ND 4 ND ND 
20 20 30 5 3 2 0.04 20 
08 l 19-116 ND 36 60 23 17 ND ND ND 50 4 20 6 1 7 .09 40 
19-118 ND 32.8 157 ND 7 4.3 ND ND 
' 
20 .8 9 2 3 0.2 0.6 30 
19-120 ND 45 330 90 ND 3 ND ND 
20 5 90 30 30 1 0.4 30 
19-122 ND ND 80 ND 9 ND ND ND 
' 20 20 10 10 2 2 0.3 50 
aBarium and Vanadium'~<ere determined by PIXE. All others by Atomic 
Absorption Spectrophotometry. (Upper number = mean; bottom number 
standard deviation). ND = <2 standard deviations. 
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10 
1 
ND 
4 
ND 
0.9 
ND 
2 
ND 
10 
ND 
2 
ND 
2 
ND 
5 
9 
3 
ND 
2 
8 
2 
3 
1 
Table 13-10. Non-destructive PIXE analysis of blank Nuclepore filters analyte concentration (~g/1). 
Code Number ReE. Number v Cr Fe Ni Cu Zn Pb Ba Cd 
-19-12-16 7063-4 X ND 50 17 2.3 29 11.9 3.0 ND ND 
(J 5 5 2 .8 2 .8 .8 10 .8 
-7063-6 X ND 50 14 ND 26 11.0 2.1 ND ND 
(J 4 4 2 .9 1 .9 .7 10 .9 
-19-23-9 7110-17 X ND 21 9 ND ND ND ND ND ND 
(J 10 6 4 2 1 .7 .7 30 .2 
-7110-21 X ND 20 13 ND ND ND ND ND ND 
(J 10 8 4 2 2 .7 .8 30 2 
19-48-507 7110-11 X ND ND ND ND 17 8 2.2 ND ND 
(J 8 6 4 2 2 1 .9 40 2 
,... 
-w 7110-12 X 21 ND ND ND 19 8 2.1 ND ND I 
N (J 10 7 4 2 2 1 1.0 20 2 N 
-19-55-l 7116-9 X ND 31 ND ND 2 ND ND ND ND 
(J 8 6 3 1 1 .6 .7 20 .2 
-7116-11 X ND 20 ND ND ND ND ND ND ND 
(J 8 7 4 2 1 1 .9 20 2 
-19-55-3 7116-13 X 24 28 ND ND ND ND ND ND ND 
(J 8 7 3 2 1 .9 .9 30 2 
-7349-25 X ND 24 ND ND ND ND ND ND ND 
(J 10 8 3 4 1 .6 .7 20 1 
-7349-26 X ND ND ND ND ND ND ND ND ND 
(J 10 7 3 1 1 .5 .4 20 1 
-7350-3 X ND 30 ND ND ND ND ND ND ND 
(J 10 10 4 5 1 .7 .8 30 2 
"" w
I 
"' w 
Table 13-10. (Concluded) 
Code Number ReJ2. Number 
19-66-8 7167-23 
7209-2 
ND = <2 standard deviations (r;) 
-
X 
(J 
-
X 
(J 
v Cr Fe 
ND ND 9 
5 4 2 
ND 19 10 
5 4 2 
Ni Cu Zn Pb Ba Cd 
ND 17 7.7 2.4 ND ND 
.9 1 .9 .9 10 1 
ND 19 8.9 1.9 24 ND 
1 1 .7 .7 9 1 
Table 13-11. AA data on high purity reagents (concentrations are in 
)Jg/ml; ND = <2 standard deviations). 
.. . . 
Reagent · 'Cr Fe .. · Ni · · . · 'Cii: .. Zti. Cd .. .. Pb 
2P HN03 ND • 010 ND .0034 ND ND ND 
.002 .004 .003 .0008 .004 .0001 .0004 
2P HCl ND ND ND ND ND ND ND 
.002 .DOl .003 .003 .004 .DODOS .DOlO 
NBS HF ND ND ND ND ND ND ND 
.002 .02 .004 .DOS .004 .0001 .002 
Deionized HzO ND ND ND ND ND ND ND 
.002 .002 .003 .002 .0001 .DODOS .0008 
30% Hz0 2 ND ND ND ND .0066 ND ND 
.003 .DOl .003 .002 .ODDS .0001 .003 
2P CH 3COOH ND .019 ND ND ND ND ND 
.DOS .ODS .003 .004 .010 .0001 .002 
Table 13-12. PIXE data on high purity HF (concentrations are in \lg/ml; 
ND = <2 standard deviations). 
Reagent V 
NBS HF ND 
.0008 
Cr Fe 
ND .OlS 
• 0010 • 004 
Ni 
ND 
.0004 
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Cu Zn 
ND .0021 
.0003 .0008 
Cd 
ND 
.0008 
Ba Pb 
ND .0013 
.005 .0003 
preparation sequence), and these were analyzed (Tables 13-13, 13-14, 
13-15) with each group of samples prepared in a batch, 
AA Analyses at VARC and VIMS 
All analyte solutions for every sample type were prepared at VARC 
and appropriately split between VARC and VIMS for analysis. All flame 
analyses were performed at VIMS; only flameless at VARC, Sediment 
leaches were analyzed at VIMS for Cd, Cr, Cu, Fe, Pb, and Zn. Total 
sediment digests were also analyzed at VIMS for Cr, Cu, Fe, and Zn, 
and at VARC for Cd, Ni, and Pb. Biota was analyzed for Cd, Cu, Fe, 
and Zn at VIMS and Cr, Ni, and Pb at VARC. All particulate matter 
analyses were performed at VARC, The splitting of the analyses 
between VARC and VIMS was done primarily to minimize disruption of 
flameless operation at VARC as frequent changes from flameless to 
flame and back are very time consuming because of the problems of 
instrument alignment, different dilutions and standards, etc. A 
discussion of results of analyzed solutions used to independently 
calibrate both AA units follows, 
Precision and Accuracy 
Instrumental precisions in AA measurements was determined from at 
least two (frequently three or more depending on the reproductibility 
of instrument readings) injections of the analyte solution into the 
flame or the graphite furnace with the baseline level readings (taken 
with no injection in flameless AA and high purity water injected in 
flame AA analyses) being taken frequently to determine and correct for 
the effect of baseline drifts on all readings (including the 
replicate), These replicate injections were made in sequence so that 
unusual instrumental drifts and sudden graphite tube deterioration, in 
flameless analyses, could be detected more readily, thus providing 
better control over the quality of the data being generated, Analyses 
of several replicates of bovine liver (Table 13-16), sediment total 
digest (Tables 13-17 and 13-18) and USGS references standards (Tables 
13-19 to 13-23), interspersed with actual samples during all runs, 
were used to determine that the analytical precision was within+ 10%, 
Calibration of the AA spectrophometer was performed using at 
least three standard solutions with concentrations in the linear 
absorption range, Readings on each of the above standards were 
sequentially replicated at least four times during calibration, and at 
least one of these standards was remeasured in the middle and at the 
end of analyses of a group of 10-30 samples to check and correct for 
any drifts in instrumental calibration, More stringent calibration 
stability checks were performed for flameless analyses, The 
calibration data were computer analyzed to take into account the 
precision of each calibration point in determining the slope (and the 
uncertainty in the slope) of the calibration curve, 
(TEXT CONTINUES ON PAGE 13-32) 
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Table 13-13. Sediment leachate procedural blank data ()lg/ml), 
ND = <2 standard deviations (cr); * = secondary 
wavelength used. 
PIXE (n-17) AA (n-20) 
Metal X cr X cr 
Ba ND 0.020 
Cd ND 0.020 ND 0.005 
Cr ND 0.009 ND 0.015 
Cu ND 0.010 ND 0.010 
Fe ND 0.20 ND 3.0* 
Ni ND 0.003 ND 0.025 
Pb ND 0.013 ND 0.035 
v ND 0.010 
Zn ND 0.100 ND 0.020 
Table 13-14. Sediment total digest procedural blank data ()lg/ml), 
ND = <2 standard deviations (cr). 
PIXE (n-20) AA (n-18) 
Metal X cr X cr 
Ba ND 0.030 
Cd ND o;01o ND 0.0002 
Cr ND 0.020 ND 0.003 
Cu ND 0.030 ND 0.003 
Fe ND 0.400 ND 0.100 
Ni ND 0.010 ND 0.020 
Pb ND 0.030 ND 0.004 
v ND 0.020 
Zn ND 0.100 ND 0.070 
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Table 13-15, Biota procedural blank data (pg/ml), ND <2 standard 
deviations (o). 
PIXE (n-36) AA (n=36) 
Metal X 0 X 0 
Ba ND 0.030 
Cd ND 0.010 ND 0.003 
Cr ND 0.010 ND 0.008 
Cu ND 0.100 ND 0.020 
Fe ND 0.130 ND 0.070 
Ni ND 0.020 ND 0.010 
Pb ND 0.030 ND 0.010 
v ND 0.010 
Zn ND 0.200 ND 0.100 
Table 13-16, Bovine liver analyses (pg/g dry <1t,), ND = <2 standard 
deviations ( <1) • 
PIXE (n=20) AA (n-20) NBS Value 
Metal X 0 X 0 X 0 
Ba ND 2 
Cd ND 0.8 0.30 0.08 0.27 0.04 
Cr ND 0.6 ND 0.1 
Cu 200 20 180 15 193 10 
Fe 240 20 260 20 270 20 
Ni ND 0.4 ND 0.2 
Pb ND 1.0 ND 0.5 0.34 0.08 
v ND 0.1 
Zn 130 10 126 9 130 10 
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Table 13-17. Digestion replicability analysis of sediment A2 (SB), fall cruise (05). 
Dry Wt. Cone. in p~/g unless noted above value 
v Cr Fe Ni Cu Zn Cd Ba Pb 
MG/G 
X ND 32.3 22.2 10.1 6.2 52 .045 310 11.8 
0 10 .1 .4 .4 .4 1 .007 50 .5 
MG/G 
X ND 29.3 23.0 9.6 5.8 47 .037 310 11.8 
0 10 1.0 .6 .5 .6 1 .009 50 .3 
MG/G 
X ND 31.3 24.0 8.6 6.0 54 .047 250 11.5 
0 10 .5 .3 .8 .4 2 .008 40 .2 
MG/G 
-Average of 3 X ND 31 23.0 9.4 6.0 51 .043 290 11.7 
Reps 0 10 1 .9 .7 .3 3 .005 30 .2 
,_. 
"" I N 
"' Table 13-18. Digestion replicability analysis of sediment El (SB), fall cruise (05). 
Dry Wt. Cone. in pg/g 
v Cr Fe Ni Cu Zn Cd Ba Pb 
X ND 11.0 8400 1.7 2.4 13.8 .012 240 7.6 
0 20 .7 100 .4 .2 .1 .004 70 .4 
-
X ND 11.6 8500 2.1 2.4 12.9 .007 170 7.7 
0 10 .7 100 .4 . 2 . 2 .002 50 . 3 
-
X ND 11.4 8500 2.1 2.4 15.7 .008 260 7.9 
0 20 .6 200 .4 .2 .1 .003 50 .3 
-Average of 3 X ND 11.3 8510 2.0 2.4 14 .009 220 7.7 
Reps 0 20 .4 90 .2 .1 1 .003 40 .2 
ND = <2 standard deviations (o) 
Table 13-19. Analysis of USGS standard (AGV) total digest (~g/g 
dry weight) ND = <2 standard deviations (o) , 
i'IXE (n-5) AA (n=5} 
Metal X 0 ~ X 0 USGS Value 
Ba 1400 100 1200 
Cd ND 6 ND 0.2 .09 
Cr ND 9 13 1 12.2 
Cu 57 3 59 4 59.7 
Fe (mg/g) 46 3 46 1 46.7 
Ni 17 3 20 2 18.5 
Pb 34 8 40 2 35.1 
v 150 40 125 
Zn 93 5 92 6 84 
Table 13-20. Analysis of USGS standard (GSP) total digest (~g/g dry 
weight) ND = <2 standard deviations (o). 
PIXE (n-6) AA (n-7) 
Metal X 0 X 0 USGS Value 
Ba 1400 100 1300 
Cd ND 4 ND 0.05 .06 
Cr ND 6 13 1 12.5 
Cu 37 7 34 2 33.3 
Fe (mg/g) 29 3 29 1 30.4 
Ni ND 4 12 2 12.5 
Pb 63 3 60 8 51.3 
v ND 20 52.9 
Zn 108 9 105 6 98 
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Table 13-21. Analysis of USGS standard (G-2) total digest (l!g/g dry 
weight) ND = <2 standard deviations (o). 
PIXE (n-5) AA (n-6) 
Metal X 0 X 0 USGS Value 
Ba 1700 200 1870 
Cd ND 4 0.06 0.03 0.03 
Cr ND 20 7.2 o. 7 7 
Cu 10 2 11. 1 11.7 
Fe (mg/g) 18 2 17 1 18 
Ni ND 2 4.8 0.8 5.1 
Pb 29 4 29 3 31.2 
v ND 30 35.4 
Zn 90 8 83 5 85 
Table 13-22. Analysis of USGS standard (BCR-1) total digest (11g/g dry 
weight) ND = <2 standard deviations (o). 
PIXE (n-15) AA (n-13) 
Metal X 0 X 0 USGS Value 
Ba 700 200 675 
Cd ND 3 ND 0.1 0;12 
Cr ND 6 15 2 17.6 
Cu 13 4 17 2 18.4 
Fe (mg/g) 94 7 90 4 90 
Ni ND 5 13 2 15.8 
Pb 23 3 12 1 17.6 
v 420 90 399 
Zn 140 20 140 20 120 
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Table 13-23. Analysis of USGS standard (MAG-1) total digest (vg/g dry 
weight) ND = <2 standard deviations (a). 
PIXE (n-5) AA (n-5) 
Metal X a X a USGS Value 
Ba 500 100 493 
Cd ND 5 ND 0.09 
Cr 100 30 91 6 121 
Cu 33 10 26 1 48 
Fe (mg/g) 48 2 45 1 46.4 
Ni 54 3 53 9 51 
Ph 23 4 25 6 
v 210 30 
Zn 138 9 130 10 132 
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The accuracy of the aqueous solution standards was checked 
several times by (1) comparing standards prepared from stock solutions 
from two different sources, and (2) PIXE analyses of compatible 
mixtures of standard solutions, The linear absorption range for 
concentration of aqueous standard solutions was checked in detail 
several times throughout flame and flameless analyses for each 
element. Concentrations of all aqueous calibration standards were 
confined to the linear range for that element. 
Background correction was always used, The acid content of all 
calibration standards was matched to that of the samples being 
analyzed. Standard addition analyses (previously discussed) were 
performed. The accuracy in trace metal analyses was checked by 
analyses of bovine liver (see Table 13-16), USGS rock standards 
(Tables 13-19 to 13-23), and master mix aqueous solutions for flame AA 
analyses (Tables 13-24 and 13-25), 
The accuracy of the doping procedure and the relative X-ray yield 
data for PIXE was checked by doping and quantifying digested NBS 
Bovine Liver (Table 13-16) and USGS rock standards (see Tables 13-19 
to 13-23). The uncertainty in the relative normalization by the 
doping procedure was found to be <10%. 
The precision in PIXE analyses was determined by compounding the 
errors in all computer aided mathematical analyses of the PIXE raw 
data. (For a more detailed discussion of PIXE, see Jolly 1977). 
Analyses of all data points in PIXE and AA measurements were by error 
weighted least squares fitting procedures assuming a normal 
distribution of errors since attempts were made to compensate for 
known systematic errors during the analyses. 
Completeness of Digestion 
Both the completeness of digestion of the sediment and accuracy 
of analysis of sediment total digests were checked by analyses of USGS 
standards along with the sediment samples, These standards were 
analyzed by both PIXE (Ba and V) and AA (Cd, Cr, Cu, Fe, Ni, Pb, and 
Zn). The measured average values of the above nine elements are 
compared with the values reported by USGS in Tables 13-19 to 13-23, 
The digestions of the USGS standards were performed at different times 
so that the measured standard deviation {o) indicates digestion and 
analytical variability, The values of o in the PIXE part of the 
tables are larger because of the very high fluoride continuum photon 
background that is observed in totally (HF) digested sediment and rock 
samples, The agreement of the average concentrations with the USGS 
reported values for these standards is good in all cases except for Cu 
and V in MAG-1, Bothner (1977) found 33±6 pg/g Cu in MAG-1, MAG-1 
is a recently issued marine mud and therefore has not been as 
extensively studied as the other USGS standards. 
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Table 13-24. Quality control runs (flame AA) during leachable sediment analyses (in ~g/ml). Upper 
number = mean; lower = standard deviation. 
Cd Cr Cu Fe Ni Pb Zn 
SamEles Known Read Known Read Known Read Known Read Known Read Known Read Known Read 
mml 1.43 1.45 1.43 1.43 2.72 2.72 71.4 69.4 2.86 2.91 4.14 4.07 0.710 .734 
.01 .03 .01 1.4 .02 .05 .006 
mm2 0.710 .747 2.14 2.20 4.08 4.03 35.7 35.8 4.00 4.02 4.14 4.07 0.430 .439 
.005 .03 .03 0.5 .03 .05 .004 
mm3 1.71 1.68 1.71 1.61 3.23 3.18 14.3 14.5 3.43 3.73 4.14 4.11 0.710 .679 
.01 .01 .01 0.5 .27 .01 .005 
mm4 1.20 1. 25 1.20 1.25 2.28 2.16 100 97.7 4.80 4.89 2.32 ?..30 0.600 .503 
.01 .04 .02 1.9 .03 .01 .004 
.... 
mm5 0.400 .407 0.400 .403 0.760 .890 200 185 4.00 4.05 2.32 2.30 1.00 1.04 
w 
.003 .035 .007 1 .03 .01 .01 I 
w 
w 
mm6 2.86 2.81 2.86 2.94 2.72 2.71 14.3 14.9 1.71 1. 73 4.14 3.99 0.140 .158 
.01 .02 .02 0.9 .01 .03 .004 
mm7 1.67 1. 69 1.67 1. 76 6.34 6.12 50.0 51.1 0.670 0.707 0.970 0.925 0.830 .831 
.01 .03 .01 0.9 .027 .028 .008 
mm8 1.60 1.60 1.00 1.04 5.70 5.55 40.0 40.7 1.60 1.55 2.32 2.30 1.00 .995 
.01 .01 .03 0.6 .02 • 05 .006 
mm9 0.400 .399 0.80 .767 2.28 2.24 120 116 3.20 3.20 3.48 3.49 1.20 1.21 
.001 .035 .01 1 .03 .05 .01 
mmlO 1.00 1.02 1.00 .989 1.26 1.28 100 96.5 4.00 4.00 5.80 5.44 0.670 .673 
.01 .035 .01 1.0 .04 .03 .005 
Table 13-2 5. Quality control runs (flame AA) duting biota analyses (in 
)lg/ml). Upper number = mean; lower = standard deviation. 
Cd Cu Fe Zn 
Samples Knm<1n Read Knotm Read Knmm Read Known Read 
mml .250 .245 .625 .615 • 625 .622 1.25 1. 27 
.001 .003 .007 .01 
mm2 .400 .392 .500 .505 .500 .515 1.00 1.02 
.001 .003 .006 .01 
!llill3 .200 .200 .500 .489 1.00 .987 1.00 1.01 
.001 .003 .008 .01 
mm4 .200 .200 1.00 .978 .500 .515 1.00 1.02 
.001 .003 .006 .01 
mm5 .100 .107 .500 .505 1.50 1.52 .500 .514 
.001 .003 .01 .005 
mm6 1.00 .989 .500 .494 4.00 3.97 1.00 1.00 
.003 .037 .04 .01 
mm7 .310 • 311 .250 .247 6.00 5.80 .250 .258 
.001 .009 .02 .006 
mm8 .250 .260 .625 .615 2.50 2.43 .625 .638 
.003 .003 .02 .005 
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Another approach adopted to study the completeness of digestion 
in sediment was to examine the variations in the trace element 
analyses of identical aliquots of well ground and homogenized sediment 
samples, Two sediment superblends A2(SB) and E1(SB) were chosen for 
this purpose. Three one gram aliquots from dried and well ground 
homogenates from each sediment were digested separately and the total 
digest solutions analyzed by PIXE (Ba and V) and AA (Cd, Cr, Cu, Fe, 
Ni, Pb, and Zn), The results are shown in Tables 13-17 and .13-18. 
The variability for the three replicates is generally comparable to 
the standard deviation in the analysis of any one of the replicates. 
The digestion of biota was considered reasonably complete due to 
the lack of flocculent or precipitated matter in the biota digest 
solutions and the concurrent analysis of NBS Bovine Liver (Table 
13-16) along with each batch of samples. From an examination of Table 
13-16, especially for Cd, Cu, Fe, and Zn, no significant (outside the 
precision of our analyses) loss of metals due to incomplete digestion 
or the formation of precipitates or floes was observed. 
Trace Element Analysis of Paint Chips from Various 
Vessels Used in Sample Collection 
Since several operations prior to sample analysis in an on-shore 
laboratory are performed on the vessel used in collecting samples, it 
is important to know if factors, such as paint chips, in the 
environment on-board ship could be contributing to sample 
contamination. The paint chips collected from various vessels used 
during Cruises 05-08 were ground to a fine powder and digested as done 
with sediment and biota for analysis by atomic absorption for Cd, Cr, 
Cu, Fe, Ni, Pb, and Zn and by PIXE for Ba and V. Results are shown in 
Tables 13-26 and 13-27, The possibility of severe contamination from 
these paint chips is apparent. Care was taken to insure that no 
samples came in contact with paint on-board ship. No contamination 
due to paint chips was evident, 
RESULTS AND DISCUSSION 
Sediment 
Total and leachable sediment metal concentrations were determined 
from sediment samples collected at benthic stations. The metals 
analyzed were Ba, Cd, Cr, Cu, Fe, Ni, Pb, V, and Zn. Concentrations 
are shown in Appendices 13-C-1 and 13-C-2. 
Replicate Analyses 
Blend and superblend leachable metal concentrations were found to 
be representative of levels determined in the analysis of individual 
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Table 13-26. Paint chips (dry \<t. concentrations). Upper number 
mean; lower = standard deviation. 
Ba Cd Cr Cu Fe Ni Pb v Zn 
Ship (ppm) (ppm) (ppm) (ppm) (%) (ppm) (%) (ppm) (%) 
Benthic Cruise (leachable concentrations) 
H. J. \oJ. Fa;t: ND 11 55 570 ND 9.0 .54 ND .45 
(05B) 300 1 2 
* 
.02 1.1 .01 80 * 
H. J. w. Fa;t: ND 12 61 450 1.6 ND 3.4 ND 1.1 
(06B) 300 1 2 
* 
0.2 1.6 0.1 100 * 
H. J. \ol. Fa;t: ND 10 63 250 .13 5.9 7.6 ND 1.7 
(07B) 30 * * * .02 0.2 0.1 20 * 
H. J. \ol. Fa;t: ND 7.1 23 230 . 70 ND .27 ND .03 
(08B) 200 1.2 1 * .07 0.9 * 90 * 
Benthic Cruise (total concentrations) 
H. J. H. Fa;t: 210 11 140 610 14 77 .95 340 1.0 
(05B) 100 1 
* * * 
3 .06 100 * 
H. J. \ol. Fa;t: 250 20 160 710 17 57 5.5 ND 1.2 
(06B) 70 * * 10 * 3 0.6 50 * 
H. J. ". Fa;t: 400 20 67 510 .41 13 4.2 1000 4.5 (07B) 100 1 2 * .02 1 0.1 100 * 
H. J. \o/. Fa;t: 120 1.8 180 590 18 80 • 27 ND .10 
(08B) 60 0.1 * * * 1 .02 60 * 
ND <2 standard deviations 
* = standard deviation does not effect last significant figure of mean 
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Table 13-27. Paint chips {dry «t. concentrations). Upper number 
mean; lmver = standard deviation. 
Ba Cd Cr Cu Fe Ni Pb v Zn 
Ship (ppm) . (ppm) (%) (ppm) (%) (ppm) .· (%) (ppm) (%) 
Water Column Cruise 
Virginian ~ 4200 9.2 .22 9900 1.7 12 1.1 ND 1.9 (05H) 100 0.3 
* * * 
1 
* 
30 
* 
H. J. w. Fay ND 3.1 .02 540 14 95 3.3 ND .38 
To6W) 30 0.3 * * 1 6 0.1 30 * 
H. J. w. Fay ND 42 ND 270 .75 22 16 ND 15 
(07\V) 30 2 .01 
* 
.03 1 * 50 * 
!!· J. w. Fay ND ND ND 340 16 100 5.5 ND .13 (08W) 60 0.8 .01 * 1 * 0.2 100 * 
Tra«l Cruise 
Cape Henlopen ND ND .05 9.5 .15 3.8 .07 10 .07 
(05T) 3 .19 
* 
0.2 
* 
0.2 
* 
4 
* 
_,!. :!1· Gilliss 50 2.5 ND 380 .41 11 10 ND .53 {06T) 20 0.2 .01 * .01 1 * 30 * 
Cape Henlopen ND ND .27 22 .52 20 .29 34 .38 
{07T) 8 0.5 .01 * .01 1 .02 9 * 
Cape Henlopen ND 4.8 1.0 31 .77 16 3.3 ND 1.9 
(08T) 20 0.3 O.l * .02 1 0.1 30 * 
ND = <2 standard deviations 
* = standard deviation does not effect last significant figure of mean 
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replicates. As shown in Table 13-28, metal levels from each grab fell 
within +1 standard deviation of the blended samples during fall 1976, 
the only season individual replicates were analyzed. Large standard 
deviations, as at Station D4 (up to 40% of the mean), are due to 
variations in metal concentrations among different grabs (see 
"Correlations" discussion). Therefore, analyses of individual 
replicates is unnecessary since blends were good indicators of 
leachable metal content. 
Hetal Trends 
Figures 13-1 to 13-6 show representative distributions for 
leachable Cr, Cu, Fe, Ni, Pb, and Zn from the winter cruise (06). Cd 
concentrations (<0.2 ppm) were too low to determine meaningful trends. 
Ba and V could not be quantified at many stations across the shelf. 
As for the first year of this study, there were no clear seasonal 
relationships, with concentrations remaining fairly consistent 
throughout the two years of this study. Generally, though, leachable 
metal concentrations increased as one travelled eastward across the 
shelf, except for the anomalously high concentrations at nearshore 
stations C4 and D4, especially evident for Cr (Figure 13-1), Pb 
(Figure 13-5), and Zn (Figure 13-6). In addition, at some stations, 
as shmm in Table 13-29 for Fe, slight differences were observed 
between first and second year concentrations due to changes in 
sediment characterization (i.e., silt-clay and total organic carbon; 
see "correlations" discussion). 
Total concentrations for several metals, Ba, Cr, Cu, Fe, Ni, Pb, 
and Zn are shown in Figures 13-7 to 13-13 for the spring cruise (07). 
Cd concentrations (<0.2 ppm) were too low to determine trends across 
the shelf, but for most of the other metals (except Ba and Cu), 
highest amounts were observed at stations furthest from shore, 
although not as apparent as for leachable metals. Ba concentrations 
(Figure 13-7) were fairly uniform (usually 200-400 ppm dry weight) 
throughout the study area, possibly due to its form as unreactive 
barite, BaS04 (Young 1954; Turekian and Wedepohl 1961; Chow 1976), in 
the sediment. Anomalies at nearshore stations, such as C4 (e.g. Ni -
Figure 13-11, Pb- Figure 13-12, Zn- Figure 13-13), will be discussed 
later. No seasonal trends were apparent, and most metal values 
compared favorably with first year total digest determinations 
(Bothner 1977), except for Cu. Whereas for the first year BUI study 
Bothner (1977) obtained values that were <5 (usually <2) ppm dry 
weight Cu, our values (see Figure 13-9) were significantly higher, 
with no clear cross-shelf trend. (Our analytical methods showed good 
agreement for Cu with USGS standards of known Cu concentrations; see 
Tables 13-19 to 13-22). Reasons for this difference will be 
considered in the "correlations" section. Vanadium, not well 
quantified, did not have any apparent seasonal or cross-shelf trends. 
(TEXT CONTINUES ON PAGE 13-54) 
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Table 13-28, Leachable sediment concentrations (mean, X and standard 
deviation, a)' in ppm dry '"eight, of all six replicates 
(R) and sub- and superblends (B) at seven stations from 
fall 1976. 
Element 
Station v Cr Fe Ni Cu Zn Cd Ba Pb 
A3-R X ND 2.6 1600 2.2 1.1 7.6 ND ND 3.6 
a 1.6 0.2 100 0.3 0.2 0.4 ,02 3.1 0.1 
A3-B X ND 2.4 1500 2.2 1.1 6.9 ND ND 3.5 
a 1.4 0.2 100 0.3 0.1 0.4 .02 2.6 0.1 
A4-R X ND 2.4 1700 2.2 1.0 8.2 ND ND 4.1 
a 1.5 0.2 100 0.2 0.1 0.5 .02 3.8 0.4 
A4-B X ND 2.4 1800 2.3 1.0 8.3 ND ND 4.3 
a 1.5 0.1 * 0.5 0.1 0.4 .02 3.9 0.2 
B4-R X 3.1 .85 830 .75 .23 3.0 ND ND 2.0 
a 0.4 .08 40 .19 .03 0.2 .02 .70 0.4 
B4-B X 3.0 .83 840 .79 .26 3.0 ND ND 2.2 
a 0.5 .06 50 • 06 .09 0.3 .02 .85 0.2 
D4-R X 2.7 1.6 1300 .77 .67 4.2 .06 ND 2.6 
a 0. 7 0.2 300 .32 .27 1.1 .02 .90 0.4 
D4-B X 2.8 1.5 1600 .57 .68 4.5 ND ND 2.5 
a 0.4 0.2 600 .n .12 1.0 ,10 .70 0.2 
E4-R X 1.6 2.0 930 .74 .55 5.6 ND ND 3.3 
a 0.6 0.2 100 ;u .09 0.3 .02 1.3 0.3 
E4-B X 1.7 1.9 960 . 70 .55 5.5 ND ND 3.5 
a 0.3 0.1 * . 26 .04 0.1 ,01 1.4 0.2 
Fl-R X 1.4 1.1 650 .32 .24 3.0 ND ND 2.8 
a 0.2 0.2 50 .04 .06 0.2 ,01 .68 0.1 
Fl-B X 1.3 1.2 640 .32 .26 3.1 ND ND 2.7 
a 0.2 * 30 .03 .03 0.1 ,02 .86 0.1 
F4-R x ND 2.5 1100 1.5 .80 7.7 ND ND 4.1 
a 1.3 0.3 100 0.3 .13 0.6 .02 3.2 0.3 
F4-B X ND 2.4 1200 1.6 .73 7.8 ND ND 4.3 
a 1.2 0.1 * 0.3 .07 0.1 ,02 3.5 0.2 
ND = <2a 
* =a does not affect last significant digit of mean. 
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Figure 13-2. Leachable Cu in ppm dry weight for superblends, cruise 06. 
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Figure 13-3. Leachable Fe in percent dry weight for superblends, cruise 06. 
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Figure 13-5. Leachable Pb in ppm dry weight for superblends, cruise 06. 
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Table 13-29. Changes in leachable Fe concentration (ppm dry wt.). 
Station Fall 1975 Fall 1976 Hinter 1976 Hinter 1977 
Al 1500-1900 '1000-llOO ll00-1200 1800-2800 
A4 2400-2600 1700-1800 
Dl 580-770 320-390 850-890 320-380 
El 950-llOO 610-710 
E2 ll00-1200 680-690 2600-3000 1800-1900 
E4 770-780 890-960 
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Figure 13-8. Total Cr in ppm dry weight, cruise 07. 
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Figure 13-10. Total Fe in percent dry weight, cruise 07. 
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Figure 13-11. Total Ni in ppm dry weight, cruise 07. 
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Figure 13-12 .. Total Pb in ppm dry weight, cruise 07 .. 
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Figure 13-13. Total Zn in ppm dry weight, cruise 07. 
Ranges of percent leachable to total metal present are shown in 
Table 13-30. As total metal concentrations increase across the shelf, 
one might expect a corresponding increase in leachable concentration 
due to the presence of more metal. The low Ba leached could be due to 
the inertness of barite, BaS04, as previously noted. The higher 
leachable to total values tended to occur at stations furthest from 
shore. Since the average sediment particle size decreases as one goes 
eastward across the shelf (Chapter 5), with a corresponding increase 
in surface area per unit mass of sediment, metals associated with 
surface reactions, and not intrastructural, would likewise increase 
and be more accessible to leaching by nitric acid. Segar and 
Pellenbarg (1973), Perkins et al, (1973), Armstrong et al. (1976), and 
Helmke et al. (1977) are but a few who have discussed the intricacy of 
metal availability in organic, silt-clay rich environments, as 
observed in the mid-Atlantic as one travels across the shelf (Chapter 
5), 
Correlations 
In order to investigate the significance of the inter-
relationships of metals, silt-clay, nitrogen, and total organic 
carbon, correlation coefficients were calculated. Cluster analysis 
was then used to demonstrate these relationships (Ali et al. 1975; 
Stromberg and Fasching 1976; Gaarenstroom et al. 1977; Pratt et al. 
1978). The variable entities were hierarchically classified using 
group averaging clustering, also known as the unweighted pair-group 
method using arithmetic averages (UPGMA). Correlation coefficients 
)0,70 are considered significant since these will account for at least 
SO% of the covariation at )95% level (Bennett and Franklin 1954; Ostle 
1963; Sokal and Rohlf 1969). 
In Figures 13-14 through 13-18, several cluster diagrams and 
correlations coefficients are shown for leachable metals. These 
relationships existed throughout both years of this study. In Figure 
13-17 (F cluster stations), for example, high correlations were found 
among Cu-Zn-TOC ()0.97) and Ph-silt and clay-Ni ()0.97). Cu-Zn-TOC 
were first compositely correlated with Cr (0.97) then with Fe, and 
finally with Ph-silt and clay-Ni (0.93). The low or non-correlations 
of Ba, Cd, and V (as in Figure 13-18) are due to the non-detectable 
levels found at stations across the shelf. Figure 13-18 shows the 
significant (p(.05) correlations of greater than 0,80 for all 
leachable metals (except Ba, Cd, V), total organic carbon, nitrogen, 
and silt-clay observed at all stations. The leachable metals Ph 
(0.71), Ni (0.75), Cu (0.83), Cr (0.78), Fe (0.70), and Zn (0.84) 
correlated with total GC aliphatics, and Cr (0.70), Cu (0.76), Zn 
(0. 70), and Ph (0. 70) with total GC aromatics. One might have 
expected this due to the significant metal - organic carbon 
correlations observed across the shelf. Similar associations for Cu, 
Ph, and Zn were observed during the first year (Harris et al. 1977). 
Greater correlations were probably not obtained due to fewer sediment 
(TEXT CONTINUES ON PAGE 13-61) 
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Table 13-30. Percent leachable of total metal concentration (dry weight) 
for all stations. 
Metal Range of leachable/total 
Ba <2 
Cd * 
Cr 4 - 46 
Cu 1 - 73 
Fe 3 - 100 
Ni <4 - 99 
Pb 14 - 100 
v <20 
Zn 9 - 100 
*Leachable Cd <0.2 ppm dry weight 
Total Cd <0,2 ppm dry weight 
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X 100 Mean (%) 
<1.4 
* 
15 
18 
14 
36 
36 
<10 
28 
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Figure 13-14. Cluster diagram of leachable metals showing correlation 
coefficients at the A-cluster stations. S-C = silt-clay; 
N = nitrogen; TOG = total organic carbon. 
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Figure 13-15. Cluster diagram of leachable metals showing correlation 
coefficients at the B-cluster stations. S-C = silt-clay; 
N = nitrogen; TOG = total organic carbon. 
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Figure 13-16. Cluster diagram of leachable metals showing correlation 
coefficients at the E-cluster stations. S-C = silt-clay; 
N = nitrogen; TOG = total organic carbon. 
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Figure 13-17. Cluster diagram of leachable metals showing correlation 
coefficients at the F-cluster stations. S-C = silt-clay; 
N = nitrogen; TOG = total organic carbon. 
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Figure 13-18. Cluster diagram of leachable metals showing correlation 
coefficients at all stations across the shelf. 
· S-C = silt-clay; N = nitrogen; TOC = total organic carbon. 
0.41 0.32 
samples analyzed per season for the hydrocarbons (see Chapter 14). 
Harding and Brown (1976) have noted that some processes that could 
lead to trace metal enrichment in clays and organic matter include 
co-precipitation as metallic coatings, incorporation in crystalline 
structure, incorporation in organic matter, and adsorption on cation 
exchange sites. 
The importance of these interrelationships, seen throughout the 
study period, underlies the considerable effect of topography (with 
resulting differences in silt-clay, total organic carbon, and 
nitrogen) on metal concentrations. Table 13-31 shows leachable metal 
variability at Station C4 which occurred from grab to grab and season 
to season, as noted during the first year of this program (Harris et 
al. 1977). This station is located in a swale (Chapter 5) and has 
exposed Holocene lagoonal clay or deeper Pleistocene deposits (Swift 
et al. 1972; Swift 1976) which are variably mixed with more recent 
sediments. This station, therefore, is a mixture of new and re-worked 
older deposits, resulting in the highly variable metal levels. In 
Table 13-32, Station G3 appears to be an exception to the increased 
metal, silt-clay, and total organic carbon trend previously noted as 
one goes further eastward across the shelf. Station G3, however, is 
located in the axis of the Hudson Shelf Valley (Chapter 5), with 
higher silt-clay and corresponding metal (Fe, Pb, Zn) levels than 
either stations G2 or G4. As noted in Table 13-28, the large 
replicate and blend standard deviations at Station D4 were due to 
localized outcroppings of high silt-clay fractions (i.e., "clay 
lumps") which resulted in grab-to-grab and replicate differences in 
metal concentrations. 
Even the slight changes noted in Table 13-29 between the first 
and second year results can be explained in the light of topographic 
considerations. For example, Station A1 is relatively patchy and 
heterogeneous, showing variability from cruise to cruise. Lower metal 
levels were determined from the coarser sediments as during the fall 
and winter 1976. Station E2, a deep flank station, was imprecisely 
located (as was Station D1) and is in an area of considerable sediment 
variability over a short distance. Station E4 is in an erosional 
swale location, having exposed slit-clay lumps. During fall 1975, 
coarse sand and gravel fractions, with lower metal levels, were found. 
In the winter 1976, a different sedimentary regime which was 
characterized by finer sediment resulted in the higher metal 
concentrations noted in Table 
13-29. 
Figures 13-19 to 13-22 show several examples of total metal, 
total organic carbon, nitrogen, and silt-clay clusters and 
correlations for the sediment. Significant (p<.05) correlations 
(>0.7) can be seen for all parameters, as with the leachable metals, 
except for Cd and V (Figures 13-20 to 13-22) due to low or 
non-detectable levels, and for Cu. Total Cu, throughout the entire 
second year, was not significantly correlated with any other variable. 
(TEXT CONTINUES ON PAGE 13-67) 
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Table 13-31. Leachable metal variability among sediment grabs at Station 
C4 during fall 1976 (ppm dry weight). 
Metal Concentration Ranges 
Cu 1.0 - 6.2 
Ni 0.6 - 3.1 
Fe 980 - 3600 
Pb 5.1 - 22 
Zn 8.5 - 33 
Cr 3.0 - 9.4 
Table 13-32. Leachable metal concentrations in sediment superblends 
(ppm dry wt.). 
14inter 1977 
Station Fe Pb Zn 
G2 2300 3.2 6.6 
G3 4800 8.3 14 
G4 1500 3.5 4.6 
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Figure 13-19. Cluster diagram of total metals showing correlation 
coefficients at the C and D stations. S-C = silt-clay; 
N = nitrogen; TOG = total organic carbon. 
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Figure 13-20. Cluster diagram of total metals showing correlation 
coefficients at the E-cluster stations. S-C = silt-clay; 
N = nitrogen; TOG = total organic carbon. 
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Figure 13-21. Cluster diagram of total metals showing correlation 
coefficients at the F-cluster stations. S-C = silt-clay; 
N = nitrogen; TOC = total organic carbon. 
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Figure 13-22. Cluster diagram of total metals showing correlation 
coefficients at the K-transect stations. S-C = silt-clay; 
N = nitrogen; TOG = total organic carbon. 
During the first year (Bothner 1977), Cu and mud (silt-clay) 
correlated (0.71). Chester (1965) and Turekian (1965) have noted that 
a significant proportion of Cu in marine sediments is of organic and 
biogenous origin and appears to be permanently associated with the 
sediment. Chester (1965) felt that the strong covariance between some 
cationic trace elements is undetected for Cu due to an independent 
source of this element. No total organic carbon - Cu correlation was 
observed which might have added credence to a possible 
Cu - biogenic association. 
The few significant (p<.05) correlations found for total metals 
and total GC aliphatics and aromatics included only Cr (0.86), Ni 
(0.81), and Zn (0.85) with total GC aliphatics and Cr (0.70), Zn 
(0.74), and Pb (0.70) with total GC aromatics, even though these 
hydrocarbons are associated with total organic carbon (Chapter 14). 
Since total analyses measure surface and structurally bound metals, 
and a strong leachable metal - hydrocarbon association was noted, 
total GC aliphatics and aromatics are probably not internally bound in 
the sediment silt-clay matrices but are involved in surface reactions 
only. 
Sediment Mobility and Alteration 
Seasonal variations in water column physics and chemistry can 
influence the distribution of chemical species in the sediments. At 
different locations across the shelf, composition is determined by 
physical sorting and chemical changes occurring during transport. 
Deep currents can be very effective in transporting large quantities 
of sediment (Shepard 1973). Meade (1969) and Bumpus (1973) observed 
bottom waters of the continental shelf moving progressively inshore 
carrying bottom sediment with them. But due to the variability of 
bottom currents, sediments may move intermittently (Butman et al. 
1977). 
As a result, dissolution and precipitation of differing chemical 
phases can take place. Trace elements become associated with fines 
and organic matter (Hatcher and Segar 1976). Bordovskiiy (1965), for 
example, has found biogenic organic matter complexed with fine 
sediment fractions in depressions on the Atlantic Continental Shelf 
(e.g., Hudson Shelf Valley), as noted earlier in this report. Organic 
matter may be important in determining the cohesive properties of 
these marine sediments (Hulbert and Given 1975), possibly decreasing 
the rate of particle aggregation (Arrhenius 1963). Swift (1976) also 
found coarse sand occurring on highs, finer fractions on the down 
current slopes and in adjacent lows of the middle Atlantic Bight. 
(See Chapter 5 for a more in-depth discussion). Higher metal 
concentrations, as shown previously, would be associated with the 
fines. Storm flows that interact with this topography are capable of 
transporting at least the finer grains for appreciable distances. 
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In the coastal zone, sediments are continually reworked and 
resuspended by biological action and wave, tide, and current energy. 
Diffusion, advection, and bioturbation all serve to alter sediment 
characteristics. Butman et al. (1977), on the continental shelf, 
found a coherent tidal flow of 10cm/sec for bottom currents and a 
wind-driven fluctuating longshelf component of 5-20 em/sec. They 
noted that fine textured bottom sediment could be expected to move on 
the order of 10 km cross-shelf and 100 m longshelf during the winter 
season due to storm generated and wave induced currents in excess of 
30 em/sec, correspondingly less during summer under tranquil bottom 
conditions. Reduced wind and wave activity in summer results in the 
accumulation of sedimented materials (Hatcher and Segar 1976). In the 
fall and winter, increased wind and wave activity results in the 
resuspension of sediment and transport away from their resting site. 
Similar processes occur further offshore. But no studies appear to 
have been reported concerning the influence of chemical properties on 
the susceptibility of sediments to erosion and resuspension (Hatcher 
and Segar 1976), and the resulting distribution of trace elements 
(Leland et al. 1973). As a result, the complexity and heterogeneity 
of the mid-Atlantic Shelf makes it extremely difficult to characterize 
this environment and the chemical interactions thereon. A further 
discussion of sediment transport is contained in Chapter 5 and in the 
section of this chapter on the role of particulate matter in metal 
distributions. 
Summary 
Increased total and leachable metal concentrations were found at 
deeper stations farther from shore. These metals were strongly 
associated with silt-clay, nitrogen, and total organic carbon. 
Deviations from this cross-shelf trend were due to topographic 
variations at mid-shelf stations. Metals correlated significantly 
with the finer fractions of sediment (except for total Cu, possibly of 
biogenic origin). No seasonal trends were observed. Differences 
between first and second year values were due to either sampling 
relocation difficulties (as at stations D1 and E2) or patchiness and 
heterogeneity at particular stations (e.g., Station A1). Since the 
collection scheme resulted in analyses only once during each season, 
more extensive interpretation of the significant correlations is not 
feasible. Leachable metal levels were usually <SO% of totally 
digested sediment metal concentrations. 
The analysis of individual replicates is not necessary since 
metal levels for each grab were within +1 standard deviation of all 
blended samples. As noted last year (Harris et al. 1977), since one 
aim of this study is to interpret interactions between sediment and 
biota, leachable metal levels are a more adequate indicator of readily 
available metals to marine organisms than total digest concentrations. 
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Fauna 
Biota, collected at dredge and trawl stations throughout the 
year, were analyzed to determine seasonal and cross-shelf trends. As 
with sediment, replicate variability and concentration levels must be 
considered. Ba and V, for example, were too low to evaluate. Metal 
concentration ranges of a particular species at one station were, at 
times, too wide to permit seasonal or intraspecies comparisons. 
Specific concentrations are given in Appendix 13-C-3. 
Variability and Pooling 
Separate analyses of five individuals of selected species were 
run to determine variability among individuals. In Table 13-33, 
several metal concentrations of replicate Placopecten magellanicus 
(scallop), Ammodytes americanus (sand lance), Cancer borealis (crab), 
and Asterias forbesi (starfish) are shown. Large variations, 
especially in Fe and Zn, were found (e.g., )200% for Fe in Cancer 
borealis). A striking similarity can be seen in the metal ranges for 
Placopecten magellanicus when comparing Table 13-33 and Table 8-24 
from the first year of this study (Harris et al. 1977). This natural 
variability is expected due to the different surroundings the organism 
may have encountered. Presley and Boothe (1977) found that mobile 
species had periods of exposure to an oil drill rig environment of 
variable duration, preventing a realistic assessment as to the impact 
of drilling operations on metal levels in organisms. Pesch et al. 
(1977) observed wide metal ranges in scallops in the mid-Atlantic. 
The probablility of sediment contamination, which was evident in 
several species, is discussed in the next section. 
Several characteristics of organisms which influence the rate at 
which a heavy metal is absorbed include species, age and size, 
metabolic rate, and previous health experience. In addition, the 
concentration of metals in biota is dependent on complex interactions 
resulting from particulate matter ingestion, complexation by 
biological chelating agents, incorporation into physiological systems, 
and ion exchange and sorption on tissue or membrane surfaces (Andleman 
1973; Hartung 1973). Such variable metal concentrations make 
evaluation of metal levels at a particular station, between stations, 
or seasonally, very difficult, if not impossible. As a result, 
pooling biota solely to determine intraspecies metal variability 
could not be done. Fukai and Meinke (1959) have noted that due to 
variability in organism metal concentration, it is difficult to obtain 
a representative value. Due to differences in size, amounts, and type 
of species collected throughout the year, the number of individuals 
needed tended to vary for all organisms. Montgomery et al. (1976) 
found that for fish, a sample size of at least 50 was needed to 
adequately detect significant (p<.OS) differences between two 
population means. Eberhardt et al. (1976) cautioned that while there 
is the desire to pool samples to reduce costs and hopefully to 
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Table 13-33, Benthos metal ranges (ppm dry weight) for summer 1977. 
Station El Station C2 Station Bl Station N3 
PlacoEecten Ammodytes Cancer Asterias 
Metal magellanicus americanus borealis fcirbesi 
Cd 21- 29 <,05 - 0.9 <0.8 - 1.9 o. 7 - 2.2 
Cu 5.4 - 9.1 5.1 - 6.1 22 - 35 8.8 - 11 
Fe 99 - 180 140 - 310 47 - 130 92 - 210 
Zn 91 - 130 110 - 150 160 - 220 190 - 370 
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normalize the distribution of sample values, pooling animals of 
different weights can introduce complications. A limiting factor in 
our analyses was adequate sample size (at least 0.2 g dry weight), 
Presley and Boothe (1977) also needed to pool five or more fish, 
shrimp, or squid to obtain a sufficient quantity of sample for 
digestion and metals analysis, As a result, the number of individuals 
pooled changed from season to season, 
Trends and Correlations 
Generally, whereas species collected furthest from shore the 
first year (Harris et al. 1977) tended to have higher metal 
concentrations than the nearshore organisms, no such relationship was 
noted during this second year study. One of the problems was the 
variety of species collected - four per station, regardless of the 
type, although organisms of economic or ecological importance were 
preferred. Obviously, one cannot expect to have the same four species 
at all stations throughout the year, As a result, the same species 
at each station throughout the two year study could not be analyzed, 
And, as a consequence, no overall seasonal trends could be detected, 
An example of the difficulty of interpretation of biota data is 
sho1<n in Table 13-34 for three seasons of metal concentrations (Cr, 
Cu, Fe, Zn) of Asterias vulgaris. Obtained values are compared to the 
compilations of Bowen (1966), Stations are ordered from nearshore 
(D1) to furthest from shore (F1). \Vhereas Zn concentrations tended to 
increase from the fall (OS) to spring (07), no similar trend could be 
found for the other metals, even though for the fall and the winter, 
respectively, Fe and Zn are significantly (p<.OS) correlated (0.72). 
There were no other significant metal-metal correlations. No clear 
cross-shelf trend could be ascertained, even considering first year 
data, The variability observed in Table 13-34 also occurred in 
Asterias vulgaris collected during the first year study, when, it was 
noted, this starfish, along with sand dollars, accumulated the highest 
metal concentrations (Harris et al. 1977), Sediment contamination, 
not previously noted, plays an important role in metal levels 
determined in these organisms. 
For the first year study, no evidence of sediment contamination 
(indicated by the near detection limit (few ppm) titanium (Ti) values 
determined by PIXE) was found in the biota (Harris et al, 1977). This 
year, due to quantification of Ti values, signs of sediment 
contamination can be seen. In Table 13-35, concentrations of Cu, Fe, 
Pb, and Zn are shown for Astropecten americanus at four outlying 
stations during the winter 1977. These metal levels were the highest 
observed for any species during the two year study (e.g,, up to 6300 
ppm dry weight Fe at Station A1). This starfish is a surface detritus 
feeder (Chapter 12) and consequently would be expected to take in 
sediment debris, Such a situation is supported by Table 13-36 for 
Echinarachnius parma (sand dollar) and Astropecten americanus 
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Table 13-34, Metal concentrations in Asterias vulgaris (ppm dry weight) 
for fall (05), winter (06), and spring (07). 
Station 05 
Dl 13 
N3 
--
Bl 8. 7 
El 9.1 
Il 14 
Fl 
--
Cu 
06 
7.8 
5.6 
13 
8.4 
--
12 
07 
<12 
<6 
16 
18 
--
<6 
05 
280 
--
260 
260 
330 
--
Fe 
06 
280 
360 
420 
210 
--
390 
07 05 
290 1.3 
320 --
470 1.3 
280 1.8 
--
1.1 
550 --
Cr 
06 
1.9 
<2 
1.7 
3.2 
--
2.7 
07 
1.0 
7.9 
1.1 
2.0 
--
21 
05 
490 
--
410 
320 
500 
--
Zn 
06 
620 
620 
610 
480 
--
590 
Bmven 1966 4 - 50 300 - 400 0.2- 1 <100 -
Table 13-35. Astropecten americanus metal concentrations, winter 
1977 (ppm dry weight). 
Concentration 
Metal Station Al Station El Station Fl Station 
Cu 13 23 21 28 
Fe 6300 890 870 2100 
Pb 7.5 6.0 7.9 5.6 
Zn 680 590 1100 1100 
13-72 
Il 
07 
890 
720 
910 
910 
--
700 
1500 
Table 13-36. Ti and Fe concentrations in E. parma and Astropecten 
americanus (ppm dry weight).-
Species Cruise Station Ti Fe 
Astro12ecten 05T Al 50 3400 
americanus 
E. parma 05T Bl 91 4800 
E. parma 05T Dl 95 5100 
Astropecten 05T El 11 700 
americanus 
Astro12ecten 06T Al 32 6300 
americanus 
E. parma 06T Bl 89 8800 
E. parma 06T Dl 70 4500 
Astropecten 06T I1 57 2100 
americanus 
E. parma 07T Bl <3 120 
E. parma 07T Dl <7 130 
Astropecten 07T Al 14 4600 
americanus 
Astro12ecten 0/T El 31 2900 
americanus 
13-73 
(starfish), High Ti (from PIXE) and Fe values are shown during the 
fall (05T) and winter (06T) cruises. The low spring (07T) cruise 
values, especially for E. parma, are given for comparison, Bowen 
(1966) noted Ti values of <5 ppm dry weight for these species, Ti and 
Fe are significantly (p<.05) correlated (0,70), especially for E. 
parma (0.89). Higher Fe values, and other metals as well, for these 
surface detritus feeders are probably due to sediment within the 
organisms (as discussed by Bertine et al, 1976), although no 
correlation was found to exist between the biota and particulate 
matter, But, Bloom and Ayling (1977) noted that heavy metals may be 
initially concentrated by adsorption onto suspended particles which, 
if ingested by shellfish, for example, could account for much of the 
metal levels attributed to the organism alone, Research is needed to 
determine if the mechanism of metal uptake is limited by mechanical or 
biological parameters, Even though Ti values were not well 
quantified, sediment accumulation might account for the high metal 
levels observed for sand dollars and starfish during the first year 
study, Such sediment contamination also could explain elevated Fe and 
Cu concentrations observed by Lear et al, (1974) in sand dollars in 
the area surrounding the Philadelphia and Dupont Dumpsites, south of 
the C stations, However, dissolved metals, for which no data is 
available, may be an additional source of metals for both sediments 
and biota, 
Hetal-metal correlations were calculated, as was done for the 
sediment, Ba and V concentrations were usually too low for 
evaluation, Hollusca (Placopecten, Astarte) had significant (p<.05) 
Fe-Zn-Cu (0.75) correlations, Arthropoda (shrimp, crab): Cr-Cd, Cu, 
Zn (0,70), Echinodermata (sand dollar, starfish): Fe-Zn or Cr (0.70), 
and Pisces (hake): Cr-Ni (0,80) and Cd-Cu or Pb (0.75), Feng and 
Ruddy (1974) also noted high Cu-Zn correlations among molluscs along 
the Connecticut coast, Similar significant correlations were found in 
the sediment (e.g,, Fe-Zn or Cr in Echinodermata) which, as discussed 
previously, might be due to ingested sediment, Only the Fe-Zn 
correlation in Echinodermata occurred during the first year. The 
significant Fe correlation in Astarte is interesting since this "blood 
clam" uses hemoglobin as a respiratory pigment (Chapter 12). 
No significant (p<.OS) metal-hydrocarbon (total GC aliphatic and 
aromatic) correlations were determined. This might have been 
expected, as noted during the first year of this study (Harris et al, 
1977), due to the variability in metal (previously discussed) or 
hydrocarbon (see Chapter 14) concentrations found within a particular 
species, Also, adequate amounts of exactly the same four species 
could not all<ays be collected at each station thereby resulting in a 
lack of comparable samples of the same species needed to detect 
meaningful metal/hydrocarbon correlations, Even when a sufficient 
number of samples were compared (e.g,, Echinodermata for all four 
seasons), no significant metal-aliphatic nor metal-aromatic 
associations 'ivere evident. 
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As discussed in the previous year's work, other researchers have 
more closely examined metal levels in biota, By limiting the number 
of species analyzed, and sampling more extensively for them, one might 
obtain more useable information, Wenzloff et al, (1977) intensively 
studied just the surf clam and ocean quahog in the mid-Atlantic from 
the New York Bight to Cape Hatteras. They found metal concentrations 
varying with latitude, decreasing southward from the Bight to 
Hatteras, Organisms should be collected and analyzed in a joint 
effort by chemists and histopathologists to determine the size, age, 
and maturity and metal content of exactly the same animal, The 
condition of the gonads should be observed in analyzing organisms 
since an animal with ripe, lipid-rich ovaries will contain smaller 
amounts of trace elements (Chapter 12), On the other hand, some 
metals might be concentrated in sex products (e.g., Zn in sperm) which 
can result in elevated levels (Bertine et al. 1976), or, as for Cu, in 
the blood of crustacea (Kaplan and Rittenberg 1963), Through a more 
intensive study, questions as to metal accumulation in biota could be 
more readily interpretable, 
Summary 
Seasonal trends were not readily apparent due to natural 
variability within particular species at one station or between 
stations. As a result of the wide-ranging metal levels, biota could 
not be pooled solely to determine intraspecies metal variability. 
Evidence of sediment contamination (determined from titanium 
values) was found in the biota, especially for Echinarachnius parma 
(sand dollar) and Astropecten americanus (starfish), both detritus 
feeders. 
Significant (p(,05) correlations were found in Hollusca 
(Fe-Zn-Cu), Arthropoda (Cr-Cd, Cu, Zn), Echinodermata (Fe-Zn or Cr), 
and Pisces (Cr-Ni, Cd-Cu or Pb). The high (0,70) Echinodermata 
correlations may be the result of ingested sediment. 
To obtain more useable and interpretable information, we 
recommend limiting the number of species analyzed and sampling more 
extensively for them. 
Zooplankton and Neuston 
As observed during the first year of this study, several 
difficulties were encountered in the interpretation of zooplankton 
trace metal data to determine relationships and seasonal trends. 
First, during collection, the nets, especially 202 ~m mesh, 
became clogged with phytoplankton (Chapter 4), as well as smaller 
copepod species. No increased metal concentrations, however, were 
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found during the spring phytoplankton bloom. No seasonal trends could 
be determined. But normal C15 hydrocarbons, a common constituent of 
phytoplankton, were found in the zooplankton collections (Chapter 14). 
Relationships among metals thus observed may in part be due to 
phytoplankton, and not the zooplankton. 
In addition, there was evidence of suspended sediment having been 
collected in the 202 pm and 505 pm bongo tows. Table 13-37 shows 
titanium (Ti) values, determined by PIXE, and corresponding Fe and Zn 
values for zooplankton collected during the winter 1977. Biscaye and 
Olsen (1976) have observed trace metals in suspended particulates 
associated with Fe-Ti (oxide) coatings or discrete Ti (oxide) 
particles. Hard and Palmer (1976), in the New York Bight, found 
biological assimilation of oxide particles by the planktonic 
community. Martin and Knauer (1973) also noted the problem of high Ti 
levels due to seston (e.g., clay particles) contamination. Note the 
higher Fe and Zn concentrations in Table 13-37 found in zooplankton 
with high Ti levels, occurring, throughout all seasons, in both 202 pm 
and 505 pro bongo tows. Ti, not normally found in high amounts in 
zooplankton, probably originated in the suspended sediment collected 
with the zooplankton. Except for Ti, particulate metal levels did 
not correlate with those in zooplankton. Significant correlations 
(p(.05) exist between Ti and Fe, Zn, Cu, Ni, Cr (>0.7) in zooplankton. 
This may account for the Fe-Cr (0.89) and Zn-Ni (0.70) correlations 
that were calculated for zooplankton. No significant 
metal-hydrocarbon correlations were found. In effect, we are probably 
observing the metal relationships due to suspended sediment. 
As a result of the phytoplankton and suspended sediment 
collected, one would not be surprised if extensive metal variability 
existed for zooplankton. Martin and Broenkow (1975) observed highly 
variably trace element concentrations in zooplankton. Reasons for 
various zooplankton levels are complex as they involve differences in 
geographical location, biological turnover rates, as well as species 
composition (Martin and Knauer 1973) and life histories (Brewer 1975). 
For example, in Table 13-38, at Station A2 during the fall 1976, metal 
levels, especially for Cd, Cr, Fe, Ni, Pb, and Zn tended to extend 
over a wide range for the four samples analyzed separately. Such 
variability was not found in clustering based on species similarity 
(see Chapter 4). Attempts to cluster species based on metal 
concentrations was futile.due to the variability in metal 
concentrations of replicate analyses of different zooplankton 
collected. 
No in-depth analysis of neuston data is possible due to the 
paucity of samples obtained. For all four seasons, only 14 samples 
were collected across the shelf (mainly Idotea metallica). Only 
during the summer (08W) were significant (p(.05) Fe Cr (0.95), Fe-Pb 
(0.98), and Pb-Cr (0.87) correlations found for the six Idotea 
metallica collected. Otherwise, no other significant metal 
relationships were observed, even considering first year neuston data. 
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Table 13-37. Ti, Fe, and Zn concentrations in zooplankton (ppm dry 
weight), winter 1977. 
Station Sample Code Ti Fe Zn 
A2 7094 - B505 45 1800 270 
A2 7097 - B505 14 1700 220 
A2 7100 - B202 <4.2 240 61 
B5 7079 - B505 13 1100 230 
~5 7082 - B505 18 5300 510 
B5 7083 - B202 5.7 320 58 
Dl 7107 - B505 28 2100 270 
F2 7053 - B505 29 780 250 
Ll 7013 - B505 <9,6 280 210 
Ll 7014 - B202 <7,2 410 160 
Table 13-38. 202 ~ zooplankton metal concentrations, Station A2, 
fall 1976 (n = 4) (ppm dry weight). 
Metal Concentration Range 
Ba <30 
Cd 2.9 - 6.1 
Cr 0.6 - 2.2 
Cu 9 - 11 
Fe 130 - 280 
Ni 2.2 - 5.1 
Pb 49 - 130 
v <10 
Zn 110- 180 
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Since little information is obtainable from metal analyses of the few 
neuston collected, we recommend dropping the determination of neuston 
metal concentrations. 
Overall, due to 1) the collection of phytoplankton and suspended 
sediment in the zooplankton bongo tows, with resulting metal 
variability, and 2) the lack of neuston data, no definite trends, 
either by season or by station, could be seen. Therefore, a 
re-evaluation of the utility of the present scheme of neuston and 
zooplankton collections is recommended. Bertine et al. (1976) endorse 
the use of larger zooplankton in general monitoring studies. Andelman 
(1973) has suggested that zooplankton, due to their high quantities 
and surface to volume ratio which can provide a large absorbing 
surface, could be a major factor in the biological transport of trace 
metals in the world's oceans. Leland et al. (1973) found that 
excretory products of zooplankton are a concentrated source of many 
trace elements and may facilitate their transport to sediments. If 
element levels of organic detritus from these organisms and the 
amounts of this material reaching the sediment were better known, one 
could estimate transport rates through the water column to the 
sediment. Based on the presently available data, such approximations 
are impossible. 
Particulate Hatter 
A near-surface and near-bottom particulate matter sample was 
collected at each water column station throughout the second year. 
Whereas during the first year (Harris et al. 1977), blank problems 
made quantification of metal concentrations difficult, such was not 
the case this year for most of the cruises. 
Generally, small amounts of solids (usually~ 2mg) were collected 
on the 0.4 ~ Nuclepore membrane filters. If more solids had been 
collected, then metal levels would probably have been easier to 
obtain. However, several limitations prevented us from collecting 
more sample. First, the semoater concentration of these solids is 
quite low, <O. 7 mg/ 1 in most cases. If more semoater was filtered, 
more solid could thereby be collected. But Nuclepore filters (0.4 ~ 
pore size) tend to clog easily, thereby decreasing the flow rate. Lal 
(1977) has found that it is possible to effectively filter -v0.5 1/cm2 
of filter area. For the 47 mm diameter Nuclepore filters used, this 
would yield a maximum of <v8.7 liters filterable, thereby limiting the 
amount collected. In addition, Cranston and Buckley (1972) and Barnes 
et al. (1977) have noted the slow filtration times of Nuclepore 
filters, due to small particles plugging the 0.4 ~m pores and 
hindering the flow of additional seawater. Pierce et al. (1972) and 
¥ennedy et al. (1974) have also found that the problem of decreasing 
solid material collected on the filter with continued filtration 
appeared to be due to pore clogging. Such a hindrance prevents the 
simple option of switching to a larger diameter Nuclepore filter 
13-78 
since, in effect, while possibly a bit more solid would be collected, 
the 0.4 vm pore size would be the major deterent to vastly increasing 
the particulate matter obtained (Lal 1977). 
Metal Trends 
Specific concentrations (in )lg/1 of seawater filtered) of the 
dilute acetic acid leach and total (leach + refratory) analyses are 
listed in Appendix Table 13-C-4. 
Ba and V, usually <0.4 pg/1, could not be quantified at these 
concentrations in the refractory fraction. Table 13-39 shows general 
concentrations for all the metals with their form in the water column. 
Cu, Fe, Pb, and Zn were especially well quantified. Cd, Pb, Zn were 
found mainly in the leachable fraction, while Cr and Fe were 
refractory. Fe was >75% refractory during the first year of the study 
(Harris et al. 1977). Cu and Ni were variable. No cross-shelf trend 
exists by which one can determine if metals are mainly associated with 
leachable or refractory fractions. 
llowever, generally surface and bottom concentrations decrease as 
one goes eastward across the shelf, as noted last year for Fe. 
Manheim et al. (1970) observed a similar seaward decrease. They noted 
that in deeper water, further out on the shelf, bottom sediments, 
notably metal-rich (see "sediment" discussion), did not appear to 
contribute significant amounts of suspended matter to the water. 
Several exceptions, though, especially in the bottom waters, occurred 
during this study. At Station A2 (during the fall only), high metal 
concentrations were observed (Fe up to 87 )lg/1). One possible reason 
is tl,at A2 is the "muddiest station" except for the deep slope and is 
located on a broad depositional "fan" south of the Hudson Canyon (see 
Chapter 5). Bottom sediments, due to currents from within the 
canyon, may have been churned up, resulting in the higher levels seen 
(Milliman et al. 1978). Meade et al. (1975) found that at mud-rich 
sites, fine grained material (probably with associated metals) could 
be resuspended. Milliman et al. (1978) noted highest seston 
concentrations in bottom waters on the outer mid-Atlantic shelf. They 
interpreted this as being a result of resuspension of bottom sediment. 
At Station L6 (during the spring), bottom Fe (10 Jlg/1), Cu (0.6 )lg/1), 
and Cr (0.13 Jlg/1) values were higher than one might have expected at 
this outlying station. Coincidentally, ~Iilli man et al. (1978) 
observed increased bottom turbidity in this region during spring. 
This fine grained sediment might also have been stirred up by currents 
or benthic organisms, thereby suspending particles of high metal 
content (Meade et al. 1975). 
Seasonal changes were observed mainly at the nearshore stations, 
especially C1 and L1. Whereas, for example, deep station J1 had 
surface Fe (0.4 - 0.6 pg/1) and bottom Fe (1.4 - 2 Jlg/1) remaining 
fairly consistent through all four seasons, L1 had at least a 3-fold 
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Table 13-39. General concentrations and percent of metals in leach or 
refractory fraction of particulate matter. 
General Concentrations 
He tal (~g/1 sea water) He tal Form 
Ba <0.4 refractory analysis only 
Cd <0.01 >95% leachable 
Cr <0.1 >90% refractory 
Cu <0,6 >40% leachable 
Fe <90 >80% refractory 
Ni <0.1 >40% leachable 
v <0.4 refractory analysis only 
Pb <0.3 >80% leachable 
Zn <1.0 >70% leachable 
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change in surface Fe (5 - 15 ~g/1) and bottom Fe (5 - 25 ~g/1) 
concentrations. Highest surface and bottom concentrations at 
nearshore stations appeared to occur mainly during spring and fall, 
although the data does not clearly show a trend. Bottom 
concentrations at most stations were higher than surface values during 
the fall and winter, but not as evident during spring and summer. 
Nearshore waters (C1, D1) are characterized as coastal. 
Mid-shelf waters (L2, N3) are defined as coastal or shelf slope at the 
surface and slope water at deeper stations (L4). Offshore (J1, L6) 
waters are found to be shelf slope at the surface, and slope water 
near the bottom (see Chapter 3). These waters are thus defined by 
differing temperature and salinity regimes- e.g., coastal water has a 
lower salinity ((33 ppt) than slope water (>35 ppt). Based on this 
type of water mass analysis, we see no clear relationship between 
water type and particulate matter metal levels, other than coastal 
waters having high metal concentrations which decrease as we traverse 
the shelf eastward into shelf-slope and slope waters. No definite 
seasonal trends were ascertained from a study of these water masses. 
Correlations 
Significant (p<.05) correlations were found, in surface waters, 
between Fe-Pb (0.77), Fe-leachable Cu ()0.8), and leachable Cu-Pb 
(0.85); and in bottom waters between Fe-Pb (0.84), Fe-Cd (0.70), Fe-Zn 
(0.70), Fe-Cr (0.75), and Cr-Pb (0.90). Note the interesting 
association of mainly leachable Pb and Cu with refractory Fe in 
surface waters, and leachable Cd, Pb, and Zn with refractory Fe and Cr 
in bottom waters. Feely and Cline (1977) found particulate Fe and Cr 
mainly associated with particulate inorganic matter, Cu with organic 
matter, and Zn with both in the Gulf of Alaska. Hallace et al. (1977) 
noted a stronger Cu, Zn, Pb, and Cd association with organic matter 
than with clay minerals in northwest Atlantic surface particulate 
matter. The importance of either clay or organic phase for Ni and Cr 
could not be established. Spencer et al. (1972), Price and Calvert 
(1973), and Duchart et al. (1973) emphasized the role of Fe oxides in 
metal transport in the water column, many times in association with 
organic matter (Biscayne and Olsen 1976; Gross 1976). 
No significant correlations could be obtained from metal data and 
bottom and surface, dissolved and particulate, total GC aliphatic and 
aromatic data, except for surface Pb and either the dissolved or 
particulate total GC aliphatics (>0.7) during fall and winter, whose 
source could be either the biogenic material and organic detritus 
comprising most surface seston (Meade et al. 1975; Pierce 1976; 
Milliman et al. 1978) or tetraethyl Pb (e.g., from auto emissions) due 
to eolian transport (Gordon and Zoller 1975). Reasons for this lack 
of association would include: (1) contamination in metal or 
hydrocarbon data, (2) lack of cross-shelf trend, found for metals, in 
hydrocarbon data, or (3) the different collection techniques used 
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(glass fiber filters for hydrocarbons), Hydrocarbon data is discussed 
more thoroughly in Chapter 14, 
No correlations Here found betHeen particulate matter and 
zooplankton Metal concentrations, Problems Hith use of zooplankton 
metal data (sediment contamination, variability, etc,) have been 
previously discussed, HoHever, Lal (1977) has noted that an important 
process affecting detrital and biogenic particulate phases involves 
grazing by zooplankton, Hhich recycles and aggregates both types of 
materials in a highly complex manner. Part of the material is 
directly rejected by the zooplankton and part is incorporated in fecal 
material. 
In addition, no association existed betHeen near-bottom 
particulate matter and metals in the epifauna, One problem 
encountered is the lack of station overlap for the biota and 
particulate matter collections, i.e, the only common stations were D1, 
J1, N3. Titanium (<2 pg/1) could not be well quantified to determine 
the impact of the collected solids on biota, a problem noted earlier, 
Also, the biota metal variability might have limited the usefulness of 
such a correlation, Finally, and this holds true for any of the 
correlations attempted, Hith currents floHing throughout the shelf, 
particulate matter collected at a specific station probably does not 
originate from, nor accurately reflect, the station to which it is 
associated, Once in the Hater column, these particles would not only 
move, but also undergo chemical and physical change so as not to 
reflect their immediate surroundings, This may account for the lack 
of significant correlations found bet~<een near-bottom particulates 
(collected up to 10 m above the ocean floor) and the total/leachable 
sediment metal concentrations, even though bottom particulate matter 
is mainly composed of mineral grains 1<hich can be resuspended from the 
bottom sediment (Meade et al. 1975; Pierce 1976; Milliman et al, 
1978). 
Particulate 'latter (Metal) Transport 
Sources of suspended matter on the continental shelf ~<ould 
include river runoff, coastal erosion, eolian particles, marine 
organisms, and resuspension from previously deposited bottom 
sediments, The contribution of shelf erosion to suspended solids in 
the ocean is unkno~<n (Drake 1976), Particles discharged by rivers or 
from estuaries into the shelf area travel longshore~<ard (mixing with 
grains from littoral sources), then, if possible, seaward (Manheim et 
al. 1970), . Entrapment nearshore of fine particles usually results, 
Most of the load is deposited within the continental shelf (Drake 
1976). Particles can be transported further offshore by currents 1<ith 
velocities of 10- 250 em/sec (Lal 1977), Butman et al, (1977) noted 
in the mid-Atlantic currents )30 em/sec scouring, resuspending, and 
transporting bottom sediment, Thus, only particles <5 ~m (based on 
Stokes' Law) ~<ould be transported efficiently cross-shelf. Small 
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eolian particles would similarly be carried further seal<ard and be 
capable of altering trace metal concentrations in the ocean surface 
layer (Lal 1977; Wallace et al. 1977). 
Since metals are associated with fines in the sediment, a similar 
phenomenon may govern the distribution of metals associated with 
suspended matter (Dutton et al. 1973). These fine sediments can 
settle to the bottom in areas of reduced current velocity and will 
accumulate until such time as higher velocities (e.g., storms) are 
reached or they are disturbed by benthic organisms. 
Output from the Chesapeake Bay (Chapters 3 and 4; Hilliman et al. 
1978) and Delaware Bay (Chapter 4; Heade et al. 1975; Hilliman et al. 
1978) to the shelf could contribute to the high surface metal 
concentrations observed at stations 11 and C1 respectively. But 
nearshore conditions are complex. Water circulation and, hence, the 
distribution of particulate matter components are likely to be 
influenced by cliMatic, tidal, and seasonal fluctuations (Price and 
Calvert 1973). 
Transport of suspended matter across the shelf to regions of the 
slope is minimal during normal and near-normal conditions (Hanheim et 
al. 1970). The dominant direction of bottom current appears to be 
landward (Bumpus 1973; Drake 1976). Surface flow is nearly parallel 
to the shore with a slight shoreward component during the warm half of 
the year, and slightly offshore during the cold half (Bumpus 1973). 
During summer, with reduced wind and wave activity, materials can 
accumulate. With increased activity in the fall and winter, particles 
are resuspended an, transported away from their original site (Hatcher 
and Segar 1976; ButMan et al. 1977; Milliman et al. 1978). Abnormal 
events (storms, floods), however, could have a strong but 
quantitatively unknown effect. 
In addition, in transit through the water, particles are subject 
to dissolution as well as growth by adsorption which can act as a mode 
of metal transport (Reed 1975). Coagulation and desorption are also 
operative at significant levels in the ocean (HcCave 1972; Lal 1977). 
This transport is controlled largely by salinity and/or temperature 
difference within the water column (Lisitzin 1972; Pierce 1976). For 
example, the "freshening" of inshore stations during late summer with 
the creation of a series of independent systems across the shelf is 
evidence that cross-shelf mixing is greatly reduced. And come autumn, 
the water column, "migrating" toward lower temperatures, is no longer 
stable (Chapter 3), thereby destroying the seasonal pattern of summer. 
Definitely, more in-depth work on horizontal and vertical 
particulate matter and metal variations needs to be done. Hore 
extensive data on the distribution and composition of the suspended 
solids would aid us in trying to understand this complex system of 
metal cycling. 
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Summary 
Particulate matter surface and bottom metal concentrations 
decrease as one travels eastward across the shelf. Slight seasonal 
variations were most evident at nearshore stations, such as C1 and L1. 
Cd, Ph, and Zn were found mainly in the leachable fraction, while Fe 
and Cr were refractory. 
Fe-Cu-Pb significantly (p<.OS) correlated in surface waters; 
Fe-Cd, Cr, Ph, Zn in bottom waters, No significant associations were 
found between particulate metal levels and hydrocarbons, zooplankton 
and biota concentrations, and sediment (total/leachable values), One 
reason for the lack of correlations is the probability of particulate 
matter collected at a specific station not originating in nor 
reflecting that region and being changed chemically as it travels 
through seawater. 
Summary of Significant Findings 
1, Total and leachable sediment metal concentrations remained fairly 
consistent seasonally throughout the two years of this study, 
2, Sediment total and leachable concentrations tended to increase for 
samples collected eastward across the shelf, 
3. Significant correlations (p<.OS) were observed among leachable and 
total metals, total organic carbon, nitrogen, and silt-clay 
fractions in sediment, except for total Cu (possibly of biogenic 
origin), 
4, Slight differences between first and second year values were due 
to either sampling relocation difficulties or patchiness and 
heterogeneity at particular stations, 
S. Variability in metal concentrations of replicate analyses of 
organisms, such as Placopecten magellanicus, Ammodytes americanus, 
Cancer borealis, and Asterias forbesi, limited the determination 
of biota metal trends between stations and seasonally, 
6. High titanium and iron values provided evidence of sediment 
contamination, especially in analyses of Echinarachnius parma and 
Astropecten americanus, 
7, Significant (p<.OS) correlations were found for Hollusca 
(Fe-Zn-Cu), Arthropoda (Cr-Cd, Cu, Zn), Echinodermata (Fe-Zn or 
Cr), and Pisces (Cr-Ni, Cd-Cu or Pb), 
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8. Evidence of phytoplankton (c1 5 hydrocarbons) and suspended 
sediment (titanium), and species variability, created difficulties 
in the interpretation of zooplankton trace metal data. Only Fe-Cr 
and Zn-Ni were significantly correlated, possibly due to the 
common titanium association, 
9. No significant metal relationships were found among all neuston 
collected this year and from last year's sampling, except for 
Fe-Cr-Pb during the summer (08H) for Idotea metallica, 
10, Surface and bottom particulate matter concentrations tended to 
decrease toward the deeper stations. 
11. Particulate Cd, Pb, and Zn were mainly in the leachable fraction, 
while Cr and Fe were refractory, 
12. Seasonal changes in particulate metal concentrations were observed 
mainly at nearshore stations. 
13. Particulate Fe-Cu-Pb significantly (p<.05) correlated in surface 
waters; Fe-Cd, Cr, Pb, Zn in bottom waters. 
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CHAPTER 14 
HYDROCARBONS 
SECTION I 
HYDROCARBON DISTRIBUTION AND CONCENTRATION 
C. L. Smith 
c. W. Su 
W. G. Macintyre 
INTRODUCTION 
This report describes the results of the second year hydrocarbon 
benchmark study in the Middle Atlantic Bight, and discusses 
significant findings and conclusions based on data from both years. 
The results of the first year study are detailed in the hydrocarbon 
chapter of· "Middle Atlantic Outer Continental Shelf Environmental 
Studies (Smith et al. 1977). The basic purpose of these benchmark 
studies is to establish the present levels of hydrocarbons in the 
study area, including ranges of variation and patterns of compounds. 
These data will then be available for comparison with those obtained 
during and after the exploration and production of petroleum for the 
detemination of environmental effects. 
Specific objectives of the second year program are: 1) to 
establish high molecular weight hydrocarbon (~C14<C32 n-alkane boiling 
range) concentrations for both aliphatic and aromatic compounds in the 
sediments, organisms, and waters of the U. S. Middle Atlantic 
continental shelf; 2) to investigate geographic variability among 
replicate samples; 3) to determine intraspecific variations of 
hydrocarbons in benthic epifauna, and recommend number of individuals 
per species to be pooled for future analyses; and 4) to investigate 
possible correlations of hydrocarbon benchmark concentrations with 
other measured environmental parameters. 
Correlations attempted in this study include: 1) correlation of 
particulate and dissolved hydrocarbon concentrations with that in 
zooplankton, and relation of species composition to hydrocarbon 
concentrations; 2) correlation of hydrocarbon concentrations in 
benthic epifauna with trace metal concentrations, and with hydrocarbon 
concentrations on near bottom particulates; 3) correlation of 
dissolved and particulate hydrocarbon concentrations with particulate 
organic carbon concentrations over season and depth; and 4) 
correlation of sediment hydrocarbon concentrations with grain size, 
total organic carbon, bottom depth, concentration on near bottom 
particulates, total organic nitrogen, and trace metal concentrations. 
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METHODS AND MATERIALS 
Sampling Methods 
Water Samples 
Water samples during this year's work were obtained using a 
specially designed 40 liter sampling bottle capable of collecting 
water at depths up to 700 meters. The sample bottle was constructed 
of type 304 stainless steel by Advex Corporation of Newport News, 
Virginia, and was fitted with a protecting frame with top and bottom 
circular guard rails. The bottom of the bottle was tapped with a 1/4" 
(0.64 em) female NPT (National Pipe Thread) and a stainless steel 
valve inserted. The top of the bottle was fitted with a 1" (2.54 em) 
NPT male SS nipple, to which a Whitey G3F16 unlubricated ball valve 
was attached. An 8" (20.32 em) diameter sheave was rigidly attached 
to the shaft of the valve, and rotation of this sheave caused the 
valve to open and close. In operation, rotation of the sheave was 
accomplished by shock cord tension. The complex mechanism which 
allows the sampler to enter and be retrieved through the water surface 
in a closed condition is diagrammed in Figure 14-1. 
Continuous tension by the 1/4" (0.64 em) shock cord keeps the 
valve closed in the absence of other forces. The valve is opened at 
sampling depth by a messenger which releases pin #1 on a General 
Oceanics double trip mechanism, thus allowing tension on the 5/16" 
(0.79 em) shock cord to rotate the sheave to open the valve. After 
allowing sufficient time (less than 5 min.) for the bottle to fill, a 
second messenger was dropped to open pin #2 on the double trip 
mechanism which released tension on the 5/16" (0.79 em) shock cord. 
The valve then reclosed by the continuous tension of the 1/4" (0.64 
em) shock cord and the sampler was retrieved. Photograph(s) of the 
water sampler in operation are shown in Figure 14-2. 
The water was filtered and transferred to stainless steel storage 
bottles by the closed system schematized below. 
10 ps·i 
SAMPLE 
1 BOTTLE 
14-2 
STORAGE 
BOTTLE 
WATER SAMPLER ACTUATING SYSTEM 
5 " ~6 
SHOCK CORD 
BOTTLE 
FRAME 
ATTACHMENT 
SAMPLE 
BOTTLE 
BOTTLE 
FRAME 
ATTACHMENT 
Figure 14-1. Water sampler actuating system. Wire shown as dotted line 
is 1/8" s.s. Wire attach points are indicated as heavy dots. 
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Figure 14-2. Photograph of water sampler deployment. 
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All valves and tubing were stainless steel, and valves were 
teflon packed. The filter unit was a Millipore 147 mm stainless steel 
holder fitted with precombusted Gelman type AE glass fiber filters. 
Pre-purified Nz was kept at 10 PSI to avoid rupture of organisms 
on the filter pad. Material collected on the filter pad was 
classified as particulate, and material passing to the storage bottles 
was considered dissolved. 
About 100 ml of CHCl3 was immediately added to each filled 
storage bottle to retard biological activity while the bottles were 
returned to the laboratory for solvent extraction. The filters were 
folded, wrapped in CHCl3 washed aluminum foil, placed in CHCl3 washed 
bottles, and kept frozen until analyzed. 
Surface Film Samples 
A teflon disc sampler of 0.166 m2 area was used to collect 
surface film for hydrocarbon analysis. Multiple samples were taken at 
each station to provide approximately 0.5 m2 of film. Hydrocarbons on 
the disc were carefully rinsed off with CCl4 and collected in a CHCl3 
cleansed glass bottle. Bottles were closed with a teflon lined cap 
and frozen for later analysis. 
Zooplankton 
Samples were taken using nylon nets in tows as described in 
Chapter 4. Net contents were removed in the ship's laboratory, 
subsampled for hydrocarbon analysis, and the subsample immediately 
placed in CHCl3 cleansed glass bottles with teflon lined caps. 
Zooplankton samples were kept frozen until analyzed. 
Neuston 
Neuston was taken in a surface towed net as described in 
Chapter 4. Handling precautions to avoid shipboard contamination were 
as for zooplankton. The samples were placed on CHCl3 washed sorting 
trays and sorted to isolate sufficient individual species biomass for 
hydrocarbon analysis. Species from all tows at a station were 
combined. 
Sediment 
Samples for hydrocarbon analysis were taken in a stainless steel 
unlubricated Smith-Mcintyre grab. The grab was washed with methanol 
and toluene between stations and was washed with ethanol between 
grabs. Approximately one kilogram of sediment was removed from the 
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central undisturbed portion of each grab, using an ethanol washed 
stainless steel scoop. Sediment was scooped to a depth of 
approximately 5 em. Additional precautions taken to avoid 
contamination from the ship included covering the grab with a teflon 
shroud when not in use, and dispersing of surface slicks (when 
present) with a stream of clean water before deployment of the grab. 
The scoop contents were placed dirctly in wide mouth glass bottles 
with teflon lined caps, and the filled bottles quick frozen by solid 
C02 and stored at -20°C in a freezer to await analysis onshore. 
Benthic Organisms 
The organisms were collected in bottom trawls and dredges, as 
described in Chapters 2 and 6, and placed in wooden buckets by "clean 
hands" personnel for later sorting and measurement in the laboratory. 
"Clean hands" personnel have carefully washed their hands with soap 
and water immediately prior to handling organisms, and scrupulously 
avoid contact with possible sources of contamination (i.e. decks, 
rails, winches). The organisms were placed in solvent washed one 
quart wide mouth, glass bottles with teflon lined caps. Several 
individuals of a species were often placed in one bottle to achieve 
enough biomass for analysis. The bottled samples were quick frozen on 
solid C02 and stored at -20°C to await analysis onshore. 
Fuels and Lubricants 
During each cruise, samples of diesel oil, engine lube oil, winch 
grease, and winch hydraulic fluid were taken. They were used as 
reference materials to assist in the identification of contamination 
detected in the sediment, biota, etc. Fuel and lubricant samples were 
drained from feed lines directly into CHCl3 washed jars with teflon 
lined caps. Analyses of these samples, reported in Appendix 14-A 
(provided on microfiche at the end of this volume), were used in GC 
fingerprint comparison with other samples. 
Quality Control and Intercalibration Samples 
Samples of sediment, zooplankton, and benthic organisms, taken by 
the same methods and contemporaneously with VIMS samples, were sent to 
the University of New Orleans for quality control analysis. Other 
sediment samples were collected, homogenized, and split for 
intercalibration between VIMS and USGS Reston laboratories. Data on 
freeze dryer blanks, solvent blanks, extraction blanks, and deionized 
water blanks are reported in Appendix 14-A. 
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Laboratory Methods 
The processing of samples up to the point of column 
chromatography differed according to the type of sample. Processing 
for each sample type is presented separately as a flow diagram prior 
to the point of liquid chromatography and gas chromatography. Each 
flow diagram is preceded by a short description and followed by a 
notation of details of steps which will be treated in later 
discussion. 
Spikes were added to samples for determination of procedural 
recovery efficiency. Several combinations of spikes (internal 
standards) have been used (Table 14-1). For the future a spike of 
hexamethylbenzene, 2-methyloctadecane, 1,1'-binaphthyl, 
p-quaterphenyl, and n-dotriacontane is recommended because of less 
interference with sample peaks and because of the large range of 
boiling points covered. 
Dissolved Hydrocarbons (Figure 14-3) 
The water samples were spiked with aliphatic and aromatic 
standards and adjusted to pH<2 by adding 78 ml of concentrated HCl 
just after collection. All extractions of water were done by 
continuously pumping the 31 1 of water through a single pass extractor 
containing 600 ml of CHCl3 (Figure 14-4). The extraction was operated 
.for two cycles for each water sample. 
Particulate Hydrocarbons (Figure 14-S) 
Filters containing the particulate hydrocarbons were thawed and 
refluxed with SO ml hexane followed by SO ml CHCl3. Decanted extracts 
were combined, dried with anhydrous Na2S04, and reduced in volume on a 
rotary evaporator. Vacuum was supplied by a water aspirator and the 
solution was maintained at 40°C. Final evaporation to S ml volume was 
carried out under a stream of pre-purified N2. A 1 ml aliquot was 
removed for microgravimetric analysis and dried to constant weight. A 
multiplier of five is applied to convert aliquot weight to total 
extract weight. 
Surface Film Hydrocarbons (Figure 14-6) 
Bottles containing the surface film samples were thawed and 
transferred to round bottom flasks. Detailed procedures are shown in 
Figure 14-6. 
(TEXT CONTINUES ON PAGE 14-14) 
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Table 14-1. Spikes used for all samples. 
Spike Samples 
A 05 DHC, 05 Sed.(int.), 05 Sed. (st: Al, A3, Bl, and B3) 
B 06 DHC 
C 07 DHC and 08 DHC 
D 05 - 08 PHC, surface film and biota 
05 - 07 Neuston 
E 
05 Sed. (st: Cl, C2, Dl, El, E3, Fl, and F3) 
06 Sed. (all st.), 06 Sed. (int.) 
07 Sed. (int.), 07 Sed. (st: A2, A4, B2, B4, C4, and D4) 
05 - 08 Plankton 
08 Neuston 
07 Sed. (st: E2, E4, F2, and F4) 
08 Sed. (int. and all st.) 
A: pyrene and n-dotriacontane 
B: 2~methyl octadeeane, z_:methyl eicosane, perylene 
C: hexamethyl benzene + spike B + n-dotriacontane 
D: spike C less perylene 
E: hexamethyl benzene, 2-methyl octadecane and n-dotriacontane 
int: intercalibration 
st: station 
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Figure 14-3. Laboratory procedures for analysis of dissolved hydrocarbons. 
Water sample (filtered) 31 1 volume 
J 
Add spike (internal standard) and 78 ml cone. HCl 
~ Pump water through 600 ml CHC13 for two cycles in continuous extractor (flow rate: 10 1/hr) 
l 
Rotovap CHC13 ejxtract to SO ml 
Add Na 2so4 and dry for ~12 hrs 
D Jd . ecant an r1nse 
3 times with CHC13 
+ . 
Rotovap to ~3 ml 
J 
Transfer to 15 ml centrifuge tube 
and rinse 3 tires with CHC13 
Evaporate undeJ N2 to ~1 ml 
Dilute to exactly 5 ml 
with h!xane 
!~-----------------Split----------------~1 
4~ 1~ 
J + Evaporate under N2 Evaporate in air for 12 hrs 
to ~0.5 ml + 
+ Weigh to constant 
Dilute with hexane weight and record 
to 1 ml ~ 
~ Discard 
Add to liquid chromatography 
column 
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f-' 
0 
/GLASS 
.-~-- 11-._.....-k::" CARBOY 
TFE CONNECTOR 
.J. 
SEAWATER 
CHCL3 
GLASS 
CARBOY~ 
SEAWATER- SOLVENT EXTRACTION SYSTEM 
Figure 14-4A. Seawater-solvent extraction system. 
A 
I 
I 
50 em 
I 
I 
I 
'¥ 
...i§_T 50 
-- -;f 
7cm 
J 
8mmOD 
v--52 mmOD 
18 PERFORATIONS- 0.015 "DIAMETER 
~TFE STOPCOCK 
SOLVENT EXTRACTOR FOR SEA WATER 
Figure 14-4B. Detail of solvent extractor for sea water. 
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Figure 14-5. Laboratory procedures for analysis of particulate hydrocarbons. 
Add to 
Reflux 1 hr with 50 ml hexane 
Add spike (intetnal standard) 
~ Decant extract and store 
Reflux 1 hr witt 50 ml CHC13 ~ Decant extract and store 
~ Rinse 3 times with CHC13 
Combine ettracts 
~ Add Na2so4 and dry for 'Vl2 hrs 
+ . Decant and r1nse 
3 times wi!h CHC13 
Rotovap to 'V3 ml 
Transfer to 15 ml~centrifuge tube 
and rinse 3 t~s with CHC13 
Evaporate under~N2 to 'Vl ml 
Dilute to exactly 5 ml 
with hexane 
+ Split 
4 ml 
~ Evaporate under N2 to 'V0.5 ml 
Dilute Jith hexane 
1 ml 
Evaporate in alr for 12 
Weigh to lonstant 
weight and record 
to 1 ml 
liquid+chromatography 
column 
DisJard 
14-12 
hrs 
Figure 14-6. Laboratory procedures for analysis of surface film samples. 
Thaw sample in jar (in water bath) 
! Transfer to {otovap flask 
Rinse sample jar 3 .times with cc14 into rotovap flask 
Add spike (in\ernal standard) 
+ Rotovap to near dryness 
Saponify with KO~-CH30H for 4 hrs 
• Test pH 
+ Add saturated NaCl equal to 
total saponified volume 
.---•Extract mixture withfhexane volume equal 
to KOH-CH30H volume ised in saponification 
Remove hexane and store 
R + . L------------------ epeat tw1ce 
' 
Discard saponified material from 
last extraction 
Combine hexate extracts 
Wash with saturatei NaCl volume equal to 
KOH-CH30H volume u~ed in saponification 
Collect hexanetlayer and store 
Extract aqueous layer including emulsion with 
hexane volume used in initial extractions 
t 
Remove hexane layer and store; 
discard aqueous layer 
Combine all hixane extracts 
Add Na2so4 ani dry for rv12 hrs 
Decant hexane ixtract and rinse 
3 times rith hexane 
Rotovap to rv3 ml 
• • Transfer to 15 ml centr1fuge 
tube and rinse 3 times 
wit~exane 
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Benthic Fauna Hydrocarbons (Figure 14-7) 
Emulsion formation in the hexane extracts following 
saponification and rewash was a major difficulty encountered in the 
extraction of benthic fauna; the procedures developed during the first 
year were followed. Any emulsion or residue that remained after the 
last step of rewash (step X in Figure 14-7) and the concentration step 
(st~p Yin Figure 14-7) was dissolved in CHzClz (see Figure 14-8), and 
then combined with the hexane extract (these steps are included in the 
flow chart). Entire organisms were analyzed, with the exception of 
molluscs, which were removed from their shells, and of sea pens, H. 
artifex, which were removed from their tubes. 
Zooplankton Hydrocarbons (Figure 14-9) 
Zooplankton formed copious emulsions for most species 
compositions. Steps taken to treat emulsion were the same as 
described for benthic fauna. 
Subsurface micro-tarballs which have been found to a depth of 200 
meters (Morris et al. 1976) are possible constituents of zooplankton 
collections. Micro-tarballs cannot be removed from zooplankton which 
are too small to sort and isolate in large numbers. Since this 
contamination source cannot be measured, samples must be considered as 
zooplankton plus micro-tarballs. 
Neuston Hydrocarbons 
Neuston samples were treated the same as for zooplankton. 
Tarballs were not encountered in the samples. 
Sediment Hydrocarbons (Figure 14-10) 
With few exceptions (mostly for the deeper stations), the 
sediment samples did not generate serious emulsions. The procedure 
after saponification was, therefore, identical to that after 
saponification of benthic fauna. 
Liquid Chromatography Method 
All sample analyses listed above arrive at a common final step 
ready for liquid chromatographic separation (Figure 14-11). The whole 
sample is loaded onto the liquid chromatograph column if the total 
extract weight of the sample is less than 5 mg. Otherwise, the sample 
is diluted to an appropriate volume and then 1 ml, containing about 5 
mg of the total extract lipid, is loaded on the liquid chromatograph 
column. 
(TEXT CONTINUES ON PAGE 14-20) 
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Figure 14-7. Laboratory procedures for analysis of benthic fauna. 
fauna sample (in water bath) 
meat gJinder, non-lubricated 
~------------ spiit-----------------. 
. + 
Thaw benthic 
Grind with /110 
Weigh 'V200 g organism Store for archive 
H + . omogen~ze 
~------------------------------~Subsample 1 g for 
\veigh 
Add spike (int}rnal standard) 
Saponify with KOr-cH30H for 4 hrs 
Test pH 
t Add saturated NaCl equal to 
total saponified volume 
Extract with hexant volume equal to KOH-
CH30H volume used ln saponification 
Remove hexane layer and store 
Centrifuge emultion if present 
Decant hexane fromtemulsion and store 
Return emulsion to extraction flask 
. i Repeat extract~on 2 or 3 times if much 
emulsion is present 
Discard saponifitd material from 
last extraction 
Combine hexate extracts 
Wash with saturattd NaCl volume equal to 
KOH-CH30H volume 'ised in saponification 
Drain aqueous layer including 
emulsiont and store 
Collect hexane layer and store 
h . t 3 . "f f.--- Repeat was ~ng up to t~mes ~ 
much emulsion is present 
Combine aqueous.layers of washes, 
including emulsions 
Extract with hextne volume equal to 
hexane volume used in initial 
extractions 
+ Remove hexane layer and store; 
discard aqueous layer (STEP X) 
Centrifuge emu}sion if present 
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wet/dry ratio 
::igh 
Dry at 60 C for 'V12 hrs t . 
Desiccate for 'V1 hr 
Weigh t! constant 
weight and record 
Dis~ard 
.------.G) 
I 
- J Hexane layer E II . mu s~on 
Pass i~ulsion 
trea ment 
Combine all above+hexane extracts 
Add Na2so4 and dry for 'V12 hrs 
Decant hexane extiact and rinse 
3 times with hexane 
t Rotovap to 'V3 ml (STEP Y) 
Centrifuge emulsion if present 
I 
I 
Hexane layer 
I 
Emu]tion 
Pass emulsion 
treatment 
Combined transfer to 15 ml centrifuge 
and rinse 3 times with 
hexane 
4 
Figure 14-8. Laboratory procedures for emulsion treatment. 
1. 5" (3. 81 em) thick silica 
gel, activity I in 
chromatogra!h column 
Wash with 20 ml of CH2Cl2 
Elute and collect with 50 ml CH2c12 ! Evaporate under N2 to ~1.5 ml ~ 
Dilute with 25 ml hexane 
Add 1 Na2so4 and only dry for ~12 hrs 
14-16 
Emulsion or gel 
~ Add just enough CH2Cl2 to dissolve the emulsion 
Figure 14-9. Laboratory procedures for analysis of zooplankton samples. 
Thaw zooplankton samples (in water bath) 
Centrifu!e gently 
Weigh zooplankt1n including gels 
~r------------Homogenize------------,l 
Wet~h Subsample 1 g for wet/dry 
Add spike (inteinal standard) ratio andtdry weight 
t Weigh Saponify with KOH-CH30H for 4 hrs 1 I o V 
t Dry at 60 C for ~12 hrs Test 1 pH t 
v Desiccate
1
for ~1 hr Add saturated NaCl equal to total • 
saponified volume Weigh to constant 
t weight and record Extract with hexane volume equal l 
to KOH-CH30H volume used Discard in saponification 
Remove hexane llyer and store 
Centrifuge emuliion if present 
Decant hexane fromfemulsion and store 
Return emulsion tt extraction flask 
R t. 3 . L------- epeat extract1on t1mes 
Discard saponifiid material from 
last extraction 
Combine hexaie extracts 
Wash with saturatei NaCl volume equal 
to KOH-CH30H volume used in 
saponification 
. 1. . 1 d" Dra1n aqueous ayer 1nc u 1ng 
emulsion ~nd store 
Collect hexane layer and store 
+ Repeat washfng 3 times 
Combine aqueous !ayers of washes 
including emulsions 
Extract with hexine volume equal 
to hexane volume used in 
initial extractions 
t Remove hexane layer and store; 
discard aqueous layer 
Centrifuge emulsion if present 
~ 
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Figure 14-10. Laboratory procedures for analysis of sediment hydrocarbons. 
Thaw 1000 g sedfment (in air) 
Freeze in stain\ess steel tray 
Freezt dry 
Reflux 7 hrs with 3~7 toluene-methanol 
Decant extrlct and store 
t ~----------------Repeat 
Combine extracts Sediment 
• Rotovap ~o ~so ml t Dry at 80°C for 
Saponify with KOH-CH30H 
for f hrs 
Test pH 
Add saturatedtNaCl equal to 
total saponified volume 
Extract with hetane volume equal 
to KOH-CH30H volume used in saponification 
Remove hexane layer and store 
Centrifuge emulsion if present 
Decant hexane frot emulsion and store 
Return emulsion to extraction flask 
~ 
Repeat extraction 2 or 3 times 
if much emulsion is present 
+ Discard saponified material 
from last extraction 
Combine hexine extracts 
Wash with saturlted NaCl volume 
equal to KOH-CH30H volume 
used in sapon1fication 
Drain aqueous layer including 
emulsion and store 
Collect hexane.layer and store 
Repeat washing tp to 3 times if 
much emulsion is present 
Combine aqueous layers of washes, 
including fmulsions 
Extract with hexane volume 
equal to hexane volume 
used in initial extractions 
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~12 hrs 
.i Des1ccate for 
~3 hrs 
t Weigh to constant 
weight and record 
DiJcard 
Remove hexane layer 
discard aqueous 
+ 
Centrifuge em~ion 
and store; 
layer 
if present 
Figure 14-11. Procedure for liquid chromatography. 
Silica gel, activity I 
(15 mm of activated copper powder was applied 
to the top of the column for sediment samples) 
1 
Wash column with >40 ml hexane 
J 
Drain to surface of sand layer 
~ NO---<IS SAMPLE TOTAL LIPID >5 MG?>--YfS ~ 
Transfer the exactly 
sample on column 
1 ml Dilute so 1 ml contains 
less than 5 mg lipid 
Transfer l~ml on column 
+ ~----------------------r---~~----Rinse with exactly 
0.5 ml hexane 
Elute with hexane 
+ Discard first 5 ml 
J Collect next 13 ml-----------, 
+ Elute with 40/60 (v/v) 
benzene-hexane 
Collect text 30 ml 
+ Evaporate under N2 to ~1 ml 
+ Add hexane to 10 ml 
I 
Evaporate under N2 to ~0.2 ml ~ 
HEXANE FRACTION 
+ Evaporate under N2 to ~0.2 ml 
+ BENZENE FRACTION 
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Columns were standard 10 x 300 mm with coarse glass frit and were 
packed with a hexane slurry of Bio-Sil® A silica gel (100-200 mesh) 
activated at 235°C for 16 hours. The gel was settled by a vibrator to 
a height of 175 mm so that the hexane flow rate was less than 2 
ml/min. A layer of sea sand (Fisher reagent S-25) 1-5 mm thick was 
applied to the top of the column. A layer of activated copper powder 
15 mm thick was applied on top of the sand layer to remove any sulfur 
present for all sediment samples. 
Gas Chromatography 
A glass capillary system was used for gas chromatography (GC) of 
all samples reported here. Gas chromatographs were Varian 2700's with 
direct data outputs to strip chart recorders and a Hewlett-Packard 
3352B laboratory data system. 
Conditions of GC were: 
Injector: Splitless (Grob and Grob 1972) 
Injector temperature: 270°C 
Detector temperature: 265°C 
Column inside diameter: 0.28 mm 
Column length: 20 m 
Liquid phase: SE-52 
Column flow ~ 5 ml/min He carrier gas 
Column temp. program: 50-240°C at 6°C/min (then hold until 
C32 detected). 
Glass capillary columns were coated in this laboratory by the 
method of Grob et al. (1977). 
The dual column GC's were used with each channel independent, 
with only the temperature programming in common. In practice, 
different samples were simultaneously injected into the two injectors 
using Grob's splitless injection technique. In our case, the GC 
electrometer outputs were connected to a dual pen recorder with one 
channel reversed phase. This procedure was used solely for reasons of 
limitation of space for chart recorders and chart storage. It has 
disadvantages in the occasional confusion arising from overlapping of 
peaks, even though each channel trace is of different color. The main 
advantage for the dual injection technique is the savings in time, 
with two programmed GC runs on one GC. As columns and gas flow 
conditions can never be made perfectly identical, the results from 
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each channel must be standardized by qualitative and quantitative 
standards. The reason this dual injection procedure has been 
successful for us is that, with the Grob injection technique where 
samples are injected onto a cold column, the exact time of injection 
(+ several seconds) is not critical for accurate reproduction of 
retention times. Furthermore, excessive baseline drift, which might 
have prevented use of the dual single channel mode, was not 
encountered in our system. 
The data system provided a tabulation of retention times and 
corresponding peak areas for each gas chromatogram. Each day, a 
qualitative and quantitative standard, composed of the compounds 
listed below, was run for hexane fraction analysis. The standard was 
used to establish GC response curves, and to calibrate retention times 
of normal hydrocarbon peaks on aliphatic gas chromatograms. 
Composition of Aliphatic Hydrocarbon Standard 
Compounds Concentration mg/1 Compounds Concentration mg/1 
nC10 1.87 nC21 4.97 
nCu 1.84 nC22 2.95 
nC13 1.92 nC23 6.31 
nC14 1. 79 nC24 3.00 
nels 1.81 nC2s 2.50 
nC16 2.81 nC26 4.38 
nC17 2.45 nC28 4.32 
Pristane 2.81 nC29 3.38 
nels 2.66 nC3o 4.78 
nC19 2.64 nC31 4.51 
nC20 2.74 nC32 7.74 
Injections were approximately 1.5 ]..11 of standard. 
Direct retention index determination of aromatic peaks by 
reference to an aliphatic standard (Kovats index) has been found 
impractical, because of small differences between supposedly identical 
columns which affect the more polar aromatic compounds to a greater 
extent than aliphatic compounds. Therefore, a qualitative and 
quantitative aromatic hydrocarbon standard, composed of the compounds 
listed below, was run for benzene fraction analysis. The standard was 
used to establish GC response curves, as explained previously for 
aliphatic GC analysis, and to provide a relative time reference for 
retention index assignment for each aromatic peak. Accordingly, 
retention indices of aromatic standards were arbitrarily chosen so 
that they were close to the Kovats indices determined when the 
standard aromatic compounds are compared with aliphatic standards. 
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Composition of Aromatic Hydrocarbon Standard 
Compounds Retention Index Assigned Concentration, mg/1 
1-Methylnaphthalene 
Hexamethylbenzene 
Phenanthrene 
Pyrene 
Chrysene 
Benzo(a)pyrene 
Benzo(ghi)perylene 
1300 
1430 
1740 
2050 
2400 
2770 
3110 
Injections were approximately 2.0 ~1 of standard. 
2.22 
1.67 
2.70 
6.84 
6.16 
4.48 
6.06 
Retention indices of peaks in the aromatic fraction were 
calculated from: 
Ix: Retention index of peak x 
Tx: Retention time of peak x 
Ixa: Retention index of the last assigned aromatic compound that 
occurred before peak x 
Txa: Retention time of the last assigned aromatic compound that 
occurred before peak x 
Ixb! Retention index of the first assigned aromatic compound that 
occurred after peak x 
Txb! Retention time of the first assigned aromatic compound that 
occurred after peak x. 
Direct calculation of concentrations was not possible with the 
3352B laboratory data system because of slight variations in column 
conditions and because the data system does not have sufficient memory 
for storage and reprocessing of chromatograms. 
After retention times for hydrocarbons were identified, sample 
chromatograms were processed manually to identify compounds using 
GC-MS information. This involves human judgments in treatment of 
multiple and overlapping peaks. The chromatographic data was then 
entered into an IBM 370 FORTRAN program which calculates individual 
hydrocarbon concentrations and concentration ratios. In this program, 
the calculated concentrations were multiplied by the factor 5/4 to 
compensate for material lost in weighing splits (see Figures 9-1 and 
9-8), and by a factor compensating for dilution to prevent liqid 
chromatography overload when such dilution was made. The factor 5/4 
is derived from the fact that the extract analyzed by GC consists of 
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only 4/5 of the total non-saponifiable extract, since 1/5 of each was 
permanently removed for weighing. The GC determined weight must then 
be multiplied by 5/4 to obtain the GC weight corresponding to the 
entire sample. The spike concentrations were never added into any 
total GC aliphatic or aromatic concentrations. 
RESULTS 
Tables 14-2 and 14-3 provide the units of concentration and 
definitions of abbreviations used in the following summary tables of 
results, and in tables of complete data (Appendix 14-A). 
Classification of Gas Chromatograms 
The gas chromatograms of dissolved, particulate, and zooplankton 
hydrocarbons fell into three fundamental compositional patterns, 
designated A, B, and C (Table 14-4). These patterns were recognized 
by visual inspection of histograms of the aliphatic fractions 
normalized to the largest peak and by visual inspection of the 
aromatic fractions. Calder (1974) previously classified zooplankton 
chromatograms by visual inspection of both aliphatic and aromatic 
fractions. The typical chromatograms of these patterns are shown in 
Figure 14-12 to 14-17. The corresponding normalized histog+ams for 
the aliphatic fractions are shown in Figures 14-18 to 14-20. 
Dissolved Hydrocarbons 
Total aliphatic and aromatic hydrocarbon concentrations and some 
characteristic ratios are listed by station for each cruise in Table 
14-5. All samples from cruise 08 (summer 1977) were contaminated in 
the extractor system by very high concentration standards used 
previously. This will be treated in the discussion section. Figures 
14-21 and 14-22 are reproductions of aliphatic and aromatic fraction 
chromatograms of a dissolved hydrocarbon typical for several stations. 
The gas chromatograms of dissolved hydrocarbons fell mainly into 
two patterns. Samples of fall cruise 05 (surface and bottom), spring 
cruise 07 (bottom), and summer cruise 08 (surface and bottom) were 
dominated by pattern A. The rest were dominated by pattern A and 
another pattern referred to as D which had a bimodal distribution of 
n-alkanes from C13 to C32 with maxima near C17 and C25, and the 
pristane peak was generally small. Detailed group distributions by 
season and depth are shown in Figures 14-23 through 14-28. 
Samples from A2 surface, Cl surface and bottom, Dl surface, E3 
surface, Ll surface and bottom, 14 surface, 16 bottom, and N3 bottom 
in fall cruise 05; A2 surface and bottom, Dl surface, and F2 bottom in 
winter cruise 06; and Ll surface in summer cruise 08 are suspected to 
(TEXT CONTINUES ON PAGE 14-46) 
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Table 14-2. Units of GC aliphatic and aromatic concentrations used in 
the tables and appendices of this chapter. 
Sample Units 
Benthic Fauna 
Dissolved Hydrocarbons 
Neuston 
~g/g dry weight of tissue 
~g/1 of water 
~g/g dry weight of tissue 
~g/1 of water Particulate Hydrocarbons 
Sediment ~g/g of dry sediment 
~g/m2 of surface area 
~g/g dry weight of tissue 
Surface Film 
Zooplankton 
Table 14-3. Abbreviations used in the tables of this chapter. 
Abbreviation 
CR 
B 
w 
T 
R 
STA 
s 
B 
Int 
RP 
DATE 
ZOO/I 
TAXON CODE 
PR/PH 
PH/C18 
PR/c17 CPI 
T.EXT.WT. 
G. C.ALI. 
G.C.ARO. 
T.G.C.HC. 
E 
Meaning 
Cruise number 
Benthic cruise 
Water column cruise 
Trawl cruise 
Recolonization cruise 
Station 
Surface 
Bottom 
Intercalibration 
If sediment, replicate; if other, sample 
code mnnber 
Year/month/day of collection 
Net mesh size (in microns) 
Ten digit numerical species identifier 
Pristane/phytane ratio 
Phytane/c18 ratio Pristane/C17 ratio 
Carbon preference index 
Total extract weight (unit: mg/g of dry weight 
of sample) 
Total of aliphatic peaks concentrations 
by GC 
Total of aromatic peaks concentrations 
by GC 
Total of hydrocarbon peaks concentrations 
by GC (the sum of G.C.ALI. and G.C.ARO.) 
Exponent to base 10 
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Table 14-4. Characteriatics of different hydrocarbon gas chromatogram 
patterns. 
Pattern 
A 
B 
c 
Aliphatic 
High concentration of pris-
tane and variable amounts 
of n-al~anes in the c22 -c32 reg1.on. 
Primarily pristane and very 
few other peaks. 
Primarily pristane and very 
few other peaks. 
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Unsaturated/Aromatic 
Peaks with "aromatic reten-
tion indexes" (ARI) from 
1700-2100. 
Peaks with "aromatic reten-
tion indexes" (ARI) from 
1700-2100. 
A few peaks with ARI from 
2000-3200 and groups of 
large peaks after 3200. 
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.j::-. 
I 
N 
~ 
25 
a 
23 27 
21 26 29 
24 
15 
b 
Pr' 
22 c 
28 
31 
Figure 14-12. Classification of hydrocarbons, Group A, hexane fraction (zooplankton, Cruise 07W, 
Station Cl, net mesh 202~). Labeled peaks are a) 2-methyloctadecane (spike), 
b) 3-methyloctadecane (spike), c) from septum, d) c32 (spike). Numbered peaks 
are n-paraffins. 
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Figure 14-13. Classification of hydrocarbons, Group A, benzene fraction (zooplankton, Cruise 07W, 
Station Cl, net mesh 202~). Labeled peaks are a) ncl3 (spike), b) nc14 (spike), 
c) hexamethylbenzene (spike), d) nc15 (spike), e-i) o efins, j) from septum, k) nc32 (spike). N-alkane spikes were added just before GC analysis. 
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Figure 14-14. Classification of hydrocarbons, Group B, hexane fraction (zooplankton, Cruise 05W, 
Station B5, net mesh 505~). Labeled peaks are a) 2-methyloctadecane (spike), 
b) 3-methyloctadecane (spike), c) from septum, d) nc32 (spike). Numbered peaks 
are n-paraffins. 
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Figure 14-15. Classification of hydrocarbons, Group B, benzene fraction (zooplankton, Cruise 05W, 
Station B5, net mesh 505~). Labeled peaks are a) nc13 (spike), b) nc14 
(spike), 
c) hexamethylbenzene (spike), d) nc15 (spike), e-h) cycloalkenes, i) o efin, j) nc32 (spike). N-alkane spikes were added just before GC analysis. 
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Figure 14-16. Classification of hydrocarbons, Group C, hexane fraction (zooplankton, Cruise 05W, 
Station E3, net mesh 202~). Labeled peaks are a) 2-methyloctadecane (spike), 
b) 3-methyloctadecane (spike), c) from septum, d) nc32 (spike). Numbered peaks are n-paraffins. 
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Figure 14-17. Classification of hydrocarbons, Group C, benzene fraction (zooplankton, Cruise 05W, 
Station E3, net mesh 202~). Labeled peaks are a) nc13 (spike), b) nc14 (spike), 
c) hexamethylbenzene (spike), d) nc15 (spike), e-h) olefins, i) from septum, j) nc32 (spike). N-alkane spikes were added just before GC analysis. 
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Figure 14-18. Normalized histogram, zooplankton aliphatic fraction, Cruise 05W, Station Cl, 
net mesh 2021-1. 
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Figure 14-19. Normalized histogram, zooplankton, aliphatic fraction, Cruise 05W, Station B5, 
net mesh 505)1. 
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Figure 14-20. Normalized histogram, zooplankton, aliphatic fraction, Cruise OSW, Station E3, 
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Table 14-5. Summary of Dissolved Hydrocarbo? Content. 
c..B. S.IA B..£ W.ll. P.RLPH E.tiL~lft £RLkli li.l L..EXLJ:il !ik.:.AU .GkAB.U TQTa.fZC-
5W AZB 02 761122 1.86E 0 3.16E-l 4.88E-l 9.952E-l 3~350E-2 1.289E-l 5.142E-2 1.803E-l 
SW A2S 01 761122 4.58E-l 9.80E-l 4.67E-1 9.083E-l 8.417E-2 9.418E-l 2.360E-1 1.778E 0 
SW BSB 02 761124 9.54E-1 4.30E-1 4.39E-l 9.291E-l 4.467E-2 2.925E-l 2.218E-2 3.147E-l 
Sri 85$ 01 761124 9.83E-l 4.78E-1 3.l5E-l l.l36E 0 3.083E-2 3.041E-l 3.455E-2 3.386E-l 
SW ClB 02 761121 7 .. 24E-l 5.60E-l 4 .. 77E-l 9 .. 989E-1 4 .. 300E-2 4.284E-l 3 .. 840E-2 4 .. 668E-l 
5W CiS 01 761121 1.05E 0 7.83E-l 5.06E-l 8.772E-l 3.477E-l 2.290E 1 3.542E-l 2.325E 1 
sw 018 02 761128 2.C5E 0 3.78E-l 4.54E-l 9.885E-l 4.283E-2 9.888E-l 2.702E-l 1.259E 0 
5W 01$ 01 761128 3.08E 0 5~23E-l 1.64E 0 l.006E 0 5.300E-2 4.573E-l 8.272E-l 1.284E 0 
SW E3B 02 761127 9.33E-l 6.02E-l 4.59E-1 8.648E-1 9.017E-2 1.091E 0 2.337E-2 1.114E 0 
5W E3S 01 761127 1.70E 0 4.20E-1 7.12E-1 1.006E 0 3.333E-2 l.687E-l 1.432E-2 l.830E-1 
SW f2B 02 761127 2 .. 00E 0 4 .. 31E-l 6 .. 85E-l 8.250E-l 2 .. 017£-2 l .. 689E-1 2.883£-1 4 .. 572£-1 
5W f2S 01 761127 1.82E 0 4.86E-l 8.20E-1 9.545£-1 1.033£-2 l .. Z20E-l 1.760E-2 1.866E-l 
SW JlB 02 761126 1 .. 32E 0 4 .. 18£-1 4.,33£-1 8 .. 601£-1 2.667E-2 4.041E-l 1 .. 262£-2 4 .. 167E-l 
SW J1S 01 761126 • E 
"' 
E 3.43E 2 8.987£-1 2.133£-2 2.261E-2 8.252E-2 l.051E-l 
~ 5W llB 02 761105 9.40£-1 6.54E-1 5.05E-l 9 .. 199£-1 8.403E-2 1.838E 0 2.318E-l 2.070E 0 
~ 5W llS 01 761105 5.22E-l 3.07E-1 2.23£-1 l.025E 0 1.694E-l 4.074E 0 5.418£-1 4.616E 0 
V'1 SW l2B 02 761129 6 ... 88£-1 6 .. 24£-1 4. 72E-l 9 .. 135E-1 4 ... 267£-2 5 .. 463£-1 1..035£-1 6 .. 498£-1 
5W L2S Ol 7tl129 2 .. 03E 0 3.99E-l 6.34£-1 1.026E 0 3.233£-2 5.125E-l 3.853E-2 5.510E-l 
SW L4B 02 761129 1.27E 0 6.46E-1 5.12E-1 9 .. 867£-l 3.950E-2 2.420E-l 6.441£-2 3.064E-l 
SW L4S 01 761129 1.21E 0 6.55E-l 7 .. 32E-l l.048E 0 9.767E-2 1.981£-1 3.005E-l 4.986E-l 
5W LoB 02 761106 1.88E 0 4 .. 47E-1 l .. 42E 0 L.084E 0 4.633£-2 2.724E-1 2 .. 148E-l 4 .. 872E-l 
SW L6S 01 761106 1 .. 76E-1 5 .. 19E 0 1.25£-1 7. 779E-l 6.,289E-2 8 .. 064£-l 2 .. 383£-1 1..045E 0 
5W N3B 02 761128 .3.87E 0 2.05£-1 .3.0ZE 0 1 .. 577E-1 3 .. 617£-2 1 .. 177E 0 2 .. 155£-1 1 .. 392E 0 
SW N3S 01 761128 9 .. 93E-1 3.33E-l 3.04E-l 9.362£-1 5.317E-2 1.678£-1 1.656£-1 3 .. 333E-l 
6W A2B 02 770303 1.27E 0 7.03E-l 7.83E-l 2.099E 0 8.333E-1 2.591E 2 l.l35E 2 3.726E 2 
6W A2S 01 770303 1.35E 0 6.25E-l 7.56E-l 1.820£ 0 1.288E-1 1.599E 1 2.553£ l 4 .. 152E 1 
6W BSB 02 770302 B.OBE-1 5.55E-1 7.85E-l 1.283E 0 2.700E-2 5 .. 225E-1 8.356E-2 6.,061E-l 
6W B5S Cl 770302 8 .. 75E-1 3 .. 77E-l 3.20E-l 8 .. 492£-1 3.067E-2 1.140£-1 4.766E-2 1.617E-l 
6W ClB 02 770305 8.41E-1 4 .. 08£-1 2 .. 76E-l 5 .. 582£-l 5.317£-2 5 .. 694E-2 2 .. 014E-2 7.708E-2 
6W ClS 01 770305 1.30£ 0 4.90E-l 5.57E-l 1.421E 0 1.833E-2 4.733£-2 4.356£-2 9.089£-2 
6W DlB 02 770305 1 .. 32E 0 4.15E-l 6.13E-l 7.751E-l 4 .. 883£-2 1.049E-1 1.151E-2 l .. l64E-l 
6W DlS 01 770305 1..12E 0 6 .. 22E-l 7.57E-l 4.378£ 0 1 .. 148E-l 1.992£ 1 2.926E 1 4.918E l 
6W E3B 02 770301 8~47E-l 5.69E-1 6 .. 56f-l 1~649E 0 1.263£-1 1.476E-1 5 .. 718E-3 l.533E-l 
6W E3S 01 770301 1 ... 27£ 0 5 .. 17E-1 6 .. 02E-l l..Ol9E 0 8.000£-2 9 ... 6.39£-2 3.829E-3 l.OOZE-1 
6W F2B 02 770227 l.85E 0 6.60E-l 7.38E-1 1.172£ 0 7.017E-2 8.467£-2 7 .. 087E-2 1.555E-l 
Table 14-5. (continued) 
k& SIA B.£ QAif PRU!:! £tlLkla EBL~.ll CPI I3.fXLJ11 !lbA!.~ ~bAB.Q IUL~ 
6W F2S 01 110221 l.lBE 0 5.14E-l 7.67E-l 9.439E-l 4.917E-2 4.030E-2 1.348E-2 5.378E-2 
6W JlB 02 110221 1.85E 0 4.12f-l 5 .. 91E-l 1.290E 0 3.392E-2 l.l38E-l 2.487E-2 L.387E-l 
6W JlS 0 l 770227 l .. 46E 0 2.96f-l 4.99E-l l.067c 0 3.450E-2 7.788E-2 3 .. 506E-2 l.l29E-l 
6W llB 02 110223 1 .. 56E 0 4 .. 53E-l 4 .. 58E-l a.722E-l 2.800E-2 2 .. 093E-l 2.410E-2 2.334E-l 
6W llS 01 770223 1.40E 0 3.25E-l 6.90E-l 1.186E 0 3.717E-2 1.311E-l 5.721E-2 1.883E-l 
6W l2B 02 770224 1 .. 21E 0 4.83E-l 6.09E-l l.006E 0 3.483E-2 1 .. 737E-l 2.977E-2 2.035E-l 
6W L2S Cl 770224 1.40E 0 3.95E-l 5.42E-l 1 .. 135E 0 6.517E-2 3.479E-l 1.732E-2 3.652E-l 
6W l4B 02 770225 9 .. 85E-1 3.14E-l 5.24E-1 1.631E 0 2.300E-2 5.590E-2 3 .. 457E-2 9.047E-2 
6W l4S 01 770225 1.32E 0 3.79E-1 6.44E-l 1.162E 0 2.950E-2 1.477E-l 3 .. 127E-2 1.793E-l 
6W l6B 02 710220 l.40E 0 5.94E-l 6.,05E-l l.427E 0 7 .. 350E-2 1.535E-l 2 .. 634E-2 1.798E-l 
6W l6S 01 770220 1 .. 16f 0 5. 73E-l 7.91E-l 1 .. 169E 0 5 .. 583E-2 1 .. 958E-l 2 .. 785E-2 2.236E-l 
6W N3B 02 770228 l.06E 0 3.06E-l 3.65E-l l.l65E 0 5.283E-2 1.895E-l 2.385E-2 2.133E-l 
6W N3S 01 770228 1.23E 0 3.78E-l 4.59E-l 1.191E 0 2.667E-2 1.441E-l 3.196E-2 1.761E-l 
..- 7W A2B 02 770525 O.OOE 0 1.01E 0 O.OOE 0 l.155E 0 1.742E-2 l.225E-2 2.619E-2 3.844E-2 
f 7W A2S 01 770525 2.15E 0 4.03E-l 8.82E-l 1.245E 0 2.306E-2 4.464E-2 1.721E-2 6.185E-2 
~ 7W B5B 02 770526 3.27E 0 5.01E-1 l.OOE 0 1.481E 0 l.339E-2 2.532E-2 2.300E-2 4.832E-2 
7\.J BSS 01 770302 2.07E 0 4.71E-l 1.37E 0 1.395f 0 3.516E-2 5.229E-2 1.486E-2 6.715E-2 
7W ClB 02 770305 1.23E 0 5.21E-l 5.02E-l 1.093E 0 3.742E-2 5.596E-2 4.011E-2 9.607E-2 
7W ClS 01 770305 l.93E 0 3.54E-l 4.94E-l 9.909E-1 5.677E-2 9.076E-2 2.548E-2 l.l62E-l 
7W DlB 02 770305 1.73E 0 5.77E-l 1.15E 0 1.495E 0 2.952E-2 9.556E-2 2.513E-2 1.207E-l 
7W DlS 01 770305 8.45E-l 4.99E-l 4.17E-l l.064E 0 4.081E-2 6.219E-2 2.933E-2 9.152E-2 
7W E3B 02 770524 1.79E 0 7.82E-l 9.00E-l l.l92E 0 1.790E-3 4.233E-2 2.897E-2 7.130E-2 
7W E3S 01 770301 3.85E 0 3.91E-l 1.29E 0 1.785E 0 l.516E-2 3.614E-2 3.107E-2 6.721E-2 
7W F2B 02 770523 1.92E 0 4.96F.-l 6.93E-l l.l64E 0 l.532E-2 4.305E-2 1.673E-2 5.978E-2 
7W F2S 01 770523 9.80E-1 4.67E-1 l.OOE 0 1.593E 0 1.919E-2 9.480E-l 5.002E-2 8.452E-2 
7W JlB 02 110522 7 .. 65f 1 9 .. 53E-3 6.,26f-l 9 .. 347E-l l.ll3E-2 3.304E-2 7 .. 755E-3 4 .. 079E-2 
7W JlS 01 770522 2.34E 0 4.47E-l 6.84E-1 2.035E 0 Z.OOOE-2 5.658E-2 2 .. 113E-2 7.771E-2 
7W llB 02 770223 6 .. 39E-l 3 .. 19E-l 2.49E·-l l.lOlE 0 2.452E-2 1 .. 611E-l 4.108E-2 2 .. 022E-l 
7W L1S 01 770518 8.42E-l 4.62E-l 5.61E-l 1.096E 0 3.500E-2 5.327E-1 2.037E-2 5 .. 531E-1 
7W L2B 02 770518 1.95E 0 3.06E-l 2.01E-1 1.076E 0 3.016E-2 5.923E 0 9.131E-2 6.0l4E 0 
7W l2S 01 770224 l .. l6E 0 3 .. 07E-l 3 .. 14E-l 1 .. 580E 0 3.565E-2 5.994E-2 5 .. 530E-3 6.547E-2 
7W l4B 02 760520 1.94E 0 4.01E-l l.OOE 0 1.301F 0 1.694f-2 2.052E-2 1.202E-2 3.254E-2 
7W l4S 01 770520 4.16E 1 2.20E-2 8.45E-l 9.683E-l 1.629E-2 1.760E 0 2.847E-2 1.788E 0 
7W l68 02 760521 3.06E 0 4.67E-l 1.05E 0 1.267E 0 3.516E-2 3.594E-2 1.825E-2 5.419E-2 
Table 14-5. (concluded) 
kB. .SI.A B.£ .Qai.E fBL.e!::! E.!::!LU& £RLU1. .k£.1 T .. .EXT .a..l!~ll !2'-.a.A.l..l. i&s.ARQ Illl.a.iiL 
7W l6S 01 760521 1.34E 0 5 .. 91E-l 5 .. 46E-l 1.360E 0 2 .. 435E-2 4.856E-2 4 .. 347E-2 9.203E-2 
7W N3B 02 760524 3.05E 0 3.37E-l a.on=-1 1.0.29E 0 2.097E-2 5 .. 775E-2 5 .. 173E-2 1.095E-1 
7W N3S 01 760524 6 .. 29E 0 1.58E-1 L.OOE 0 1.358E 0 L.B55E-2 4.613E-2 3.610E-2 8.223E-2 
BW A2B 02 110825 1.94E 0 5.09E-2 1.37E-l 2.911E-l 1.513E-2 7.741E-2 1.857E-2 9.598E-2 
BW A2S 01 770825 Z.OOE 0 4.00E-2 9.44E-2 l.791E-l 2.250E-2 9.714E-2 2.325E-2 1.204E-1 
BW 858 02 770826 1.92E 0 4.35E-2 L,20E-l 2.275E-l 2 .. 67lE-2 L.438E-l 2.853E-2 1.723E-l 
BW B5S Ol 770d26 l.30E 0 7.23E-2 1.65E-l 2.452E-l 2 .. 684E-2 5.305E-2 2.811E-2 8.116E-2 
BW C1B 02 770827 4.90E 0 5.83F-2 3.35E-l 1.970E-l 2.290E-2 4.414E-2 5 .. 471E-3 4 .. 96lE-2 
aw c1s 01 770827 2.71E 0 8 .. 82E-2 3.,60E-l 3.500E-l 3 .. 079E-2 7.139E-2 2.797E-2 9 .. 936E-2 
aw OlB 02 770828 1 ... 84E 0 1 .. 71E-1 4.90E-l 6.059E-l 2 .. 526E-2 3.922E-2 1 .. 091E-2 5 .. 013E-2 
BW DlS 01 770828 2.07E 0 7.53E-2 1.45E-l 7.971E-l 5.040E-2 1.371E-l 1.667E-2 1.538E-l 
8W E3B 02 770829 L. 37E 0 4. 35E-2 B .. 91E-2 3,. l56E-l 3. 434£-2 L.l76E-l 9 .. 066E-2 2 .. 083E-l 
8W f2B 02 770824 1 .. 85E 0 1..09E-l 3 ... 36E-l 9 .. 344E-l 2 .. 961E-2 l.603E-l 4.451E-2 2 .. 048E-l 
t:: 8W F2S 01 770824 2.24E 0 3 .. 55E-2 8 .. 39E-2 2.821E-l 2 .. 553E-2 6..,969E-2 2.403E-2 9.372E-2 
~ 8W JlB 02 770824 2.43E 0 5.29E-2 2.26E-l 2.740E-1 3.066E-2 1 .. 292E-l l.860E-2 1.478E-l 
-...J BW JlS 01 770824 1.45E 0 2~21E-2 3.27E-2 5.473E-2 3 .. 724E-2 2.030E-l l.l48E-l 3.178E-l 
8W l13 02 770819 7.16E 1 l.44E-2 1.94E 2 4.681E-2 7.276E-2 2.535E 0 5.381E-l 3.073E 0 
BW llS 01 770819 5.62E 1 l.l7E-2 1.38E 2 1.645E-l 9.632E-2 4.410E 0 2.102E 0 6.512E 0 
8W l2B 02 770820 2 .. 28E 0 9 .. 32E-3 3 .. 68E-2 7. 326E-2 2 .. 632E-2 5.452E-l 1~241E-l 6.693E-l 
8W l2S 01 770820 1 .. 69E 0 2.54E-2 5.91E-2 l.451E-l 6 .. 092E-2 2.868E-l 1.157E-1 4 .. 025E-l 
8W l4B 02 770821 8 .. 90E-l 4 .. 33E-2 4 .. 77E-2 2.755E-l 3.421E-2 3.368E-l 8.408E-2 4.209E-l 
8W l4S 01 770821 2.29E C 3.77E-2 2 .. 06E-l 2.686E-l 2 .. 763E-2 B.l72E-2 9.582E-2 1.775E-l 
BW l6B 02 770822 2.24E 0 2.35E-2 8.04E-2 1.718E-l 1.316E-2 3.460E-l 2.616E-l 6 .. 076E-l 
8W l6S 01 770322 7.35E-l 3.55E-2 5.27E-2 1.552E-l 2.421E-2 l.419E-l 2 .. 091E-2 l.628E-l 
aw N3B 02 770828 1.31E 0 4 .. 16E-2 7.49E-2 2.132E-l 9.36BE-2 l.llOf-1 l.646E-2 l.275f-l 
8W N3S 01 110828 L.30E 0 2.16E-l 3 .. 37E-1 7.839E-l 2.487E-2 2 .. 458E-2 9 .. 035E-3 3.361E-2 
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Figure 14-21. Dissolved hydrocarbons, hexane fraction, Cruise OSW, Station Jl, bottom. 
Labeled peaks are a) from septum and b) nc32 (spike). Numbered peaks are n-paraffins. 
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Figure 14-22. Dissolved hydrocarbons, benzene fraction, Cruise OSW, Station Jl, bottom. 
Labeled peaks are a) nc13 (spike), b) nc14 (spike), c) hexamethylbenzene (spike), d) nc15 (spike), e) nc32 (spike). N-alkane spikes were added just before GC analysis. 
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Figure 14-23. Group distributions of dissolved hydrocarbons, Cruise OS surface. 
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Figure 14-24. Group distributions of dissolved hydrocarbons, Cruise 05 bottom. 
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Figure 14-26. Group distributions of dissolved hydrocarbons, Cruise 06 bottom. 
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Figure 14-27. Group distributions of dissolved hydrocarbons, Cruise 07 surface. 
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Figure 14-28. Group distributions of dissolved hydrocarbons, Cruise 07 bottom. 
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be contaminated by petroleum due to the presence of a large unresolved 
envelope in the aliphatic fraction chromatogram or to presence of many 
low boiling range peaks in the aromatic fraction chromatogram. 
Contamination after filtration of these samples is suspected because 
there was no sign of the contamination in the corresponding 
particulate hydrocarbon samples. 
Particulate Hydrocarbons 
Hydrocarbon data for particulates are given by station for each 
cruise (Table 14-6). The particulate and dissolved hydrocarbons form 
a paired set because they are sampled simultaneously. Representative 
particulate sample aliphatic and aromatic fraction chromatograms are 
shown in Figures 14-29 and 14-30, respectively. 
The gas chromatograms of particulate hydrocarbons showed that 
pattern A dominated surface and bottom samples of fall cruise 05 and 
bottom samples of summer cruise 08. Samples of winter cruise 06 
(surface and bottom) and summer cruise 08 (surface) were divided 
between patterns A and B. For spring cruise 07, the surface samples 
fell primarily into patterns A and B, and the bottom samples were 
divided among patterns A, B, and D. Detailed group distributions by 
season and depth are shown in Figures 14-31 to 14-38. 
Samples from 11 surface and bottom and 16 surface in fall cruise 
05, 11 surface in spring cruise 07, and Dl bottom in summer cruise 08 
were suspected to be contaminated by petroleum for reasons described 
in the above dissolved hydrocarbons section. 
Surface Film 
Surface film data are summarized in Table 14-7. Halogenated 
hydrocarbons were the major peaks in the aromatic fraction (see 
Section II of this chapter). The aliphatic and aromatic fraction 
chromatograms of a typical surface film sample are presented in 
Figures 14-39 and 14-40. Samples from N3 in fall cruise 05 and E3 in 
winter cruise 06 apparently contained petroleum. Concentrations of 
aliphatic and aromatic fractions for cruises 05 (fall) and 06 (winter) 
were generally an order of magnitude larger than for cruises 07 
(spring) and 08 (summer). · 
Zooplankton 
Zooplankton hydrocarbons are summarized in Table 14-8. The 
chromatogram patterns were roughly the same for zooplankton samples 
collected by bongo tows with 202~ and 505~ mesh nets. All cruises (05 
to 08) were dominated by pattern B. Detailed group distributions of 
pattern types for the four cruises are shown in Figures 14-41 to 
(TEXT CONTINUES ON PAGE 14-66) 
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Table 14-6. Summary of Particulate Hydrocarbon Content. 
kR S.IA B.£ DALE ~BL£!::i etlLua £.8.LC.~1 C£1. L..E.~.L..!H !Zc....lll. G.CJLAB.Q Hll.L!i!:. 
5H A28 02 761125 .. OE 0 .. OE 0 .. OE 0 9.720E-l 6.173E-3 1.227E-3 9.235E-3 l.046E-2 
5W A2S 01 761122 l.99E 0 3 .. 98E-l L.22E 0 L.473E 0 1 .. 191E-2 l-.698E-2 1.634E-3 1.861E-2 
5W B5B 02 761124 2.06E 0 4 .. 49E-l 9 .. 08E-2 l-.496E 0 l.037E-2 2.735E-2 2.462E-3 2.981E-2 
5H B5S 01 761124 2.67E 0 5.03E-l 9.61E-l 2.440E 0 2.438E-2 2.134E-2 1.271E-2 3.405E-2 
SW C1B 02 761121 4 .. 64E 0 3.76E-l l .. 33E 0 l.163E 0 4.093E-2 2.029E-2 l.388E-2 3•417E-2 
5W ClS 01 761121 3 .. 54E 0 3 .. 96E-l l.23E 0 1 .. 452E 0 4.364E-2 1.901E-2 7.105E-3 2.611E-2 
5W DlB 02 761128'6.61E 1 L.21E-2 3 .. 41E 0 2.722E-3 l.148E-2 l.348E-2 1 .. 111E-2 2.459E-2 
5W OlS 01 761128 4 .. 58E 0 6 .. 91E-1 7 .. 00E-l 4 .. 633E-l 3.963E-2 1 .. 021E-2 2.286E-2 3.307E-2 
5W E3B 02 761127 9"'84E-l 2.50E-l 2 .. 50E-l 1.076E 0 1.790E-3 4.,664E-3 1.330E-2 1.796E-2 
5W f3S 01 761127 4.49E 0 3.29E-l 1.COE 0 2.178E 0 6.852E-3 l.347E-2 1.582E-1 1.717E-l 
5W F2B 02 761127 3 .. 95E 0 3.34E-l l.OOE 0 1.211E 0 1 .. 19SE-2 5 .. 405E-3 2.666E-3 8.071E-3 
5W F2S 01 761127 4.17E 1 4.96E-l 7 .. 88E 0 2.549E 0 1 .. 444E-2 2.529E-2 l.OSlE-2 3.580E-2 
5W JlB 02 761126 3.00E 0 3.64E-l l.OOE 0 9.324E-1 3.519E-3 4.188E-2 8.641E-3 5 .. 052E-2 
5W J 1S 01 761126 2.54E 1 7 .. 59E-2 7.17E-l 9 .. 583E-l 6 .. 605E·-3 1.559E-2 1..,201E-2 2.760E-2 
...... 5W llB 0 2 76110 5 z .. 74E 0 5.01E-l l.OSE 0 1.467E 0 2.037E-2 4.707E-2 3.893E-3 5.096E-2 ~ 
I 5W llS 01 761105 1 .. 34E 0 5 .. 19E-l 6 .. 18E-l 9.355E-l 4 .. 821E-2 L.876E 0 2 .. 296E-2 l.899E 0 ~ 
-.....1 5W l2B C2 761129 3 .. 15E 0 3 .. 34E-1 6.57E-l 8.154E-l 2.901E-3 1 .. 465E-2 1.622E-2 3 .. 087E-2 
5W L2S 01 761129 ~ .. 24E 0 3.03E-1 3.68E-1 1.336E 0 1.068E-2 l.998E-2 6.654E-3 2.663E-2 
5H l4B 02 761129 3.27E 0 5.10E-l 6.04E-1 9.731E-l 3.272E-3 2.073E-2 l.514E-2 3 .. 587E-2 
5W L4S 01 761105 3.49E 0 4.63E-l 3.88E-1 1 .. 763E 0 4.821E-2 l.058E-2 l .. l78E-2 2.236E-2 
5W l6B 02 761106 3.3lE 0 4.68E-l 1.25E 0 1.017E 0 6.235E-3 4.066E-2 l.079E-2 5.145E-2 
5 1#11 L6S 01 761106 3.81E 0 4.64f-l 9.,86E-l l.081E 0 5 .. 624E-2 3.241E-2 8 .. 438E-3 4 .. 085E-2 
5W N3B 02 761128 5.76E 0 4.65E-1 1.43E 0 8.990E-l 3.617E-2 3.292E-2 1.613E-2 4.905E-2 
5W N3S Ol 761128 2 .. 99E 0 7 .. 84E-1 L.OOE 0 L037E 0 2.284E-2 l .. 657E-2 2 ... 384E-3 l.895E-2 
6W A2B 02 770303 I.37E 0 5.71E-l 4.59E-l 1.154E 0 2 ... 963E-3 l.625E-2 1.307E-2 2.932E-2 
6W A2S 01 770303 l.OZE 0 9.,04E-1 6.33E-l 1.076E 0 2.253E-2 2.782E-2 9.005E-2 l.l79E-l 
6W B5B 02 770302 2.4Bf 0 4.77E-1 6.01E-l 8.979E-l 5.062E-3 4.859E-2 l.327E-2 6.186E-2 
6W 85$ 01 760302 1.64E 0 S .. OlE-1 3 .. 09E-l l.Ol3E 0 1.438E-2 l.490E-2 l.710E-2 3.200E-2 
6W ClB 02 760305 1.90E 0 4.02E-l 3.18E-l 2.031E 0 4.741E-2 5.018E-2 3.619E-2 8.637E-2 
6W C1S Ol 770305 1.32E 0 4.32E-l 3.37E-l l.OSOE 0 2.370E-2 5.057E-2 2.325E-2 7.382E-2 
6W 018 02 770305 7 .. 86f-l 5 .. 11E-l 3 .. 71E-l l.377E 0 7 .. 037E-3 l .. 676E-2 1.296E-2 2 .. 972E-2 
6W OlS 01 770305 l..23E 0 7 .. 19E-l 5 .. 02E-1 1.283E 0 8 ... 025E-3 l.052E-2 7 .. 000E-3 l .. 752E-2 
6W E3B 02 770301 2.00E 0 S.OlE-1 6.70E-l 1 .. 210E 0 3.148E-3 1 .. 426E-2 3 .. 13lE-3 1 .. 739E-2 
6W E3S Ol 770301 4.68E 0 2.00E-1 6.74E-l l.089E 0 5.864E-3 7.403E-4 1.153E-2 1.227E-2 
6W F2B 02 770227 L.lBE 0 8 .. 01E-1 8 ... 90E-l L.206E 0 1 .. 667E-3 1 .. 408E-2 8 .. 205E-3 2.228E-2 
Table 14-6. (continued) 
'B S.IA R.£ QAll e.B.LW PHL.1;.l..a EEL~l.I ~£.1. I.a..E.XL.!U !Z~.a.All .GbABQ. I..QL..£.k 
6W F2S 01 770227 l.36E 0 5.66E-1 S.BOE-1 1.204E 0 2.346E-3 l.667E-2 1.356E-2 3.023E-2 
6W JlB 02 110221 2.00E 0 S.OlE-1 8.39E-l 1.346E 0 7.161E-3 1.879E-2 1.164E-l 1.352E-l 
6W JlS Ol 110221 1.42E 0 6 .. l2f:-l 7 .. 36f.-l L.l76E 0 7.160E-3 3.909E-2 9.220E-3 4.831E-2 
6W LlB 02 770223 5.lOE 0 3.36E-1 8.59E-l 1.319E 0 l.309E-2 2.565E-2 7.723E-2 1.029E-l 
6W llS 01 770223 4 .. 20E 0 3 .. 37E-l 5 .. 45E-l l .. l05E 0 9.691E-3 3.177E-2 1.355E-2 4.532E-2 
6W l2B 02 770224 3.28E 0 5.40E-l 1.13E 0 1.209E 0 1.303E-2 1.768E-2 1.403E-l 1.580E-l 
6W lZS 01 770224 2.17f 0 6.00E-l l.OBE 0 1.256E 0 l.370E-2 2.048E-2 3.052E-2 S.lOOE-2 
6W L48 02 760225 l.l5E 0 5.95E-l 5.5BE-l l.449E 0 2 .. 037E-3 6.213E-2 6.450E-3 6.858E-2 
6W L4S 01 770225 1.28E L 2.18E-l l.31E 0 1.668E 0 2.099E-3 1.673E-2 1.515E-2 3.188E-2 
6W l6B 02 110220 l.75E 0 7.52E-l 5.77E-l 1.380E 0 1.914E-3 l.447E-2 3 .. 148E-2 4.59SE-2 
6W L6S 01 110220 2.30E 0 4.31E-l l.OOE 0 1.620E 0 1.975E-3 2.191E-2 7.392E-3 2.930E-2 
6W N3B 02 770228 1.64E 0 3.32E-l 5.12E-l 9.499E-l 8.395E-3 3.434E-2 1.338E-2 4.772E-2 
6W N3S 01 770228 1.95E 0 5~84E-l 9.17E-l 1.211E 0 8.889E-3 1.290E-2 3.144E-2 4.434E-2 
~ 7W A2B 02 770525 . E .. E 4.91E 3 l.030E 0 3.025E-3 8.863E-2 8.981E-3 9.761E-2 
)_.. 7W A2S 01 760525 1.45E 3 4,.89E-l 1 .. 54E 2 9. 705E-l l.323E-l 9.83lE-2 2.486E-2 L.232E-l 
oo 7W B5B 02 770526 3.49E 3 l.OOE 0 3.64E 1 2.003E 0 4.241E-2 6.102E-2 8.102E-3 6.912E-2 
7W BSS 01 770526 l.55E 0 8. 71E-l 6.12E-l 1.476E 0 5 ... 230E-l 2.866E-2 3 .. 994E-3 3.265E-2 
7W ClB 02 77052 7 5. 04E 0 3 .. 12E-l L.63E 0 2 .. 209E 0 2 .. 896E-l L.ll7E-l 1 .. 318E-l 2. 435E-1 
7W CiS 01 77052 9 
" 
E 
" 
E 4 .. 17E 1 z.5oa·e o z .. B96E-l 2 .. 444E-2 9.163E-2 l .. l61E-l 
7W DlB 02 770525 1.16E 2 4.83E-l 5.53E 1 1.829E 0 3.586E-2 8.130E-2 3.795E-2 1.192E-1 
7W 01$ 01 770525 3.29E 0 9.46E I 1.65E 2 1.222E 0 4.328E-l 2.991E-l 4.711E-2 3.462E-l 
7W E3B 02 770524 4 .. 93E-l 2 ... 46E 3 l ... 25E 3 l.301E 0 3.056E-2 2.186E-2 1.766E-2 3 .. 952E-2 
7W E3S 01 760524 1 ... 16E 3 S.OOE-1 5 .. 89E 2 1.457E 0 9 .. 167E-2 l.260E-l 2.945E-3 l.289E-1 
7W F2B 02 770523 4.08E 1 5.68E-l 2453E 1 1.156E 0 1.815E-2 2.393E-2 1.092E-3 2.502£-2 
7W F2S 01 770523 1.61E 2 3.87E-l 7.73E+l 9.570E-1 3.370E-2 3.575E-2 1.301E-2 4.876E-2 
7W J 18 02 770522 2.2ZE 1 5.22E-l 8.50E 0 l.261E 0 9.691E-3 2.444E-2 8.504E-3 3.294E-2 
7W JlS 01 770522 7 .. 07E 0 3 .. 85E-1 2.66E 0 L.031E 0 1.241E-2 1 .. 846E-2 8 .. 785E-3 2.724E-2 
7W llB 02 770518 1 .. 94E 0 5.13E-l 4 .. 49E-l 1.346E 0 2.043E-2 1 .. 713E-2 1.811E-2 3.524E-2 
7W L lS 0 l 760518 2.73E 0 3.30E-l l.OOE 0 8.976E-l 3.833E-2 2.007E-2 1.963E-2 3 .. 970E-2 
7W L2B 02 760518 l .. 87E 0 4.34E-l 7 .. 07E-l 1 .. 307E 0 l.068E-2 6.681E-2 9-.623E-3 7 .. 643E-2 
7W L2S 01 760518 1.67E 0 4 .. 05E-l 7 .. 69E-l l.531E 0 l.994E-2 4.872E-2 1.531E-2 6.403E-2 
7W L4B 02 760520 1 .. 34E 2 2.48E-l 2 .. 27E 1 1.138E 0 L. 988E-2 2.085E-2 5.096E-3 2.595E-2 
7W L4S 01 770520 1 .. 95f l 4.78E-l 4 .. 57E 0 1 .. 256E 0 1.056E-2 3.734E-2 .. E 3 .. 734E-2 
7W l6B 02 760521 2 .. 64E 1 2.l4E-l 2.74E 0 9.468E-l 5.617E-3 5.904E-2 6.950E-3 6.599E-2 
Table 14-6. (concluded} 
'R S.I.A B.£ .QAT!; £RL£ti P.t!Lk~1i P.RLk~.I C.I:.l I....fXILf!I !iG...a.8.1.l ~LA!:ill I.QI.~t!Z..t 
7W L6S 01 770521 l.02E l 5.08E-l 3.53E 0 1.875E 0 2.216E-2 2.948E-2 3.312E-2 6.260E-2 
7W N3B 02 760524 1 .. 42E 2 5 .. 24E-l 6.75E l 1.371E 0 3.673E-2 1.025E-l 1 .. 272E-2 1 .. 152E-l 
7W N3S 01 760524 4 .. 78E 2 3 .. l9E-l 1.14E 2 1.029E 0 3.198E-2 3.346E-2 8 .. 257E-3 4.172E-2 
8W A2B 02 770825 l.OOE 1 5.02E-l 4.74E 0 8.139E-l 5.741E-3 2.432E-2 7.067E-3 3.139E-Z 
8W A2S 01 770825 3.36E 0 4.l4E-1 L.38E 0 l .. 050E 0 8. 765E-3 2.075E-l 5.104E-3 2.126E-l 
8W B5B 02 770826 1 .. 62E l 7.58E-l 6.58E 0 l.065E 0 1~925E-2 5.635E-2 1.057E-3 5.741E-Z 
8W B5S 01 770826 2 .. 09E 0 6.16E-1 5.52E-l B. 823E-l 1.901E-2 8.073E-2 6 .. 603E-3 8. 733E-2 
8W ClB 02 770826 2.04E 0 4.78E-l 5.42E-l .. OE 0 2.401E-2 6.794E-3 6.582E-3 1.338E-2 
aw c1s 01 770826 3.16E 0 7.06E-1 5.37F-1 1.294E 0 4.846E-2 7.206E-2 3 .. 375E-2 1.058E-l 
8W 018 02 770828 1.93E 0 5.71E-1 6.39E-1 l.SOOE 0 2.556E-2 l .. ll6E-l 2.056E-2 1.322E-1 
8W DIS 01 770828 1.87E 0 5.47E-1 l.62E-l 1.920E 0 2 .. 296E-2 5.623E-2 7.942E-2 1.356E-l 
8W E3B 02 770829 1 ... 45E l 5.27f-l 6.33E 0 9 .. 703E-l 1.494E-2 l.853E-l 2 .. 777E-2 2.131E-l 
8W E3S 01 770829 1 .. 52E 0 5.07E-l 5.51E-l 9.,492E-l 1 .. 074E-2 5.920E-2 7.266E-3 6.647E-2 
1-' 
.p.. aw F2B 02 770824 8.73E 0 7.07E-l 3.63E 0 l.OSOE 0 7.161E-3 4.302E-2 l.157E-3 4.418E-2 I 
.p.. 8W F2S 01 770824 1.16E 1 4.llE-l 2.26E 0 L.049E 0 2.333E-2 3.740E-2 5.298E-3 4 .. 270E-2 \0 8W JlB 02 770824 3 .. 62E 1 6,.32E-l l.65E 1 7.385E-l L.414E-2 5.731E-2 6 .. 648E-4 5 .. 797E-2 
aw JlS 01 770824 1 .. 56E 0 4.05E-l 4.01E-l l.007E 0 9.691E-3 4.382E-2 6.509E-3 5.033E-2 
8W l1B 02 770819 2.08E 0 4.49E-l 1.76E-l 1.026E 0 3.154E-2 1.654E-2 8.962E-2 1.062E-l 
8W l1S Cl 770819 l.lOE 1 2.00E-1 6.38E-l 1.033E 0 4.704E-2 6.353E-2 1.841E-2 8.194E-2 
8W LZB 02 770820 3.21E 0 6.97E-l 7.77E-l l.l53E 0 3.167E-2 3.960E-2 5 .. 132E-2 9.092E-2 
8W l2S 01 770820 2 .. 01E 0 5.28E-l 2.40E-l 9.438E-l 2.753E-2 1..091E-l 2.095E-2 1.300E-1 
8W l4B 02 770821 9.72E-l 3.08E-l 9 .. 10E-2 1.009E 0 1.210E-2 5 .. 422E-2 1.l28E-2 6.550E-2 
8W L4S 01 77082 1 2 .. 56 E 0 5 .. 98E-l 5 .. 46E-2 1 .. 079E 0 1.648E-2 1 .. 033E-l 3 .679E-3 1.. 070E-l 
8W L6B 02 110822 8 .. 09E 0 7.55E-l 4.46E 0 9 .. 007E-l l .. 673E-2 2 .. 995E-1 3.390E-2 3.334E-l 
8W l6S Ol 110822 L.88E 0 6 ... 54f-l 2 .. 56E-l L.084E 0 l.358E-2 2,.526E-2 7-.069E-3 3 .. 233E-2 
BW N3B 02 110828 2.6~E 1 3.38E-l 8.40E 0 1.049E 0 2.216E-2 l.SllE-1 4.494E-2 l.960E-l 
8W N3S 01 7 7082 8 1 .. 92E 0 4 .. 70E-l 1.. 03f-l 9. 030E-1 3 .605E-2 1 .. 53 3E-l 2 .009E-l 3. 542E-1 
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Figure 14-29. Particulate hydrocarbons, hexane fraction, Cruise 08W, Station Cl, surface. 
Labeled peaks are a) 2-methyloctadecane (spike), b) 3-methyloctadecane 
(spike), c) 2-methyleicosane (spike), d) 3-methyleicosane (spike), 
e) nc32 (spike). Numbered peaks are n-paraffins. 
....... 
~ 
I 
V1 
...... 
c 
" II d 
b 
h, 
9 
ef 
Figure 14-30. Particulate hydrocarbons, benzene fraction, Cruise 08W, Station Cl, surface. 
Labeled peaks are a) nc13 (spike), b) nCJ 4 (spike), c) hexamethylbenzene (spike), d) nc 15 (spike), e-g) olefins, li) ARI 2543, i) nc32 (spike). N-alkane spikes were added just before GC analysis. 
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Figure 14-31. Group distributions of particulate hydrocarbons, Cruise 05 surface. 
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Figure 14-32. Group distributions of particulate hydrocarbons, Cruise 05 bottom. 
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Figure 14-33. Group distributions of particulate hydrocarbons, Cruise 06 surface. 
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Figure 14-34. Group distributions of particulate hydrocarbons, Cruise 06 bottom . 
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Figure 14-35. Group distributions of particulate hydrocarbons, Cruise 07 surface. 
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Figure 14-36. Group distributions of particulate hydrocarbons, Cruise 07 bottom. 
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Figure 14-37. Group distributions of particulate hydrocarbons, Cruise 08 surface. 
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Figure 14-38. Group distributions of particulate hydrocarbons, Cruise 08 bottom. 
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Table 14-7. Summary of Surface Film Hydrocarbon Content. 
~B. .SIA .OAif E:B.Lf:tl .E:tiLU.a £RLU1. .C..£:1. I.Ll:~I .... ld.I .G.C...aAl...l .Gk~EQ I..QI..aii.C. 
5B l4 761117 9.20E-l 4.98E-l 6.50E-l 9.288E-1 2.900E+O l.904E 1 1.238E 1 3.14ZE 1 
5B l6 761117 1.33E 0 4.40E-l 6.15£-1 1.141E 0 2.150E+O 2.535E 1 7.302E 0 3.265E 1 
SB N3 77 l.l8E 0 4.47E-l 5.60E-l l.265E 0 3.226E-l 4.075E l l.390E 1 5.465E 1 
6B A2 710212 1.06F C 1.59E 0 6.13f-l 1.079E 0 l.400E+O 4.586E 1 6.153E 0 5.201E l 
68 82 770211 1.15E 0 3.48E-l 4.70£-1 1.052£ 0 2.070E+O 3.922E 1 l.741E 1 5.663E 1 
68 Cl 770214 l.ZOE 0 4438E-l 5 .. 98E-l 9,.984E-l l .. SOOE+O 3.086E l 7.162E 0 3.802E l 
6B E3 770209 l.l9E 0 4.10E-l 6.02E-l l.l72E 0 Z.OlOE+O l.B55E 2 2.549E 1 2.110E 2 
6B J l 770210 1.15E 0 5.94E-1 9.99E-l 1.357E 0 2.760E+O 7.550E 1 1.568E 1 9.118E l 
7B Dl 770531 L.74E 0 3 .. 78E-l 3.78E-l 9.270E-l 6 .. 800E-1 8.501E 0 1.922E 0 1.042E 1 
78 E3 770531 9.65E-1 3.50E-l 6.96E-l 8.208E-l 9.000E-1 2.195E 0 1.89iE 0 4.086E 0 
78 ll 770605 . OF 0 • OE 0 • OE 0 l.OOSE 0 1.340E+O 2.595E-l 1.040E 0 1.299E 0 
7B L2 770604 l.11E 0 3.62E-l 3.76F-l l.073E 0 3.500£-l 3.997E 0 8.235E-l 4.820E 0 
7B l4 77 1.94F 0 4.07E-l 8.12E-1 1.079E 0 4.800f-l 2.581E 0 l.l35E 0 3.716E 0 
1-' 78 l6 77 l.l7E 0 7.34E-l 5.86E-1 1.117E 0 4.770E+O 6.693E 0 9.313E-l 7.624E 0 
f 78 N.3 770531 1.31E 0 3.85E-1 3.39E-l 8.119E-l 7.500E-1 3.983E 0 1.444E 0 5.427E 0 
g; 8B A2 710807 6.d4E-l 5.00E-l S.OlE-1 1.088E 0 B.lOOE+O 2.342E 0 3.350E-l 2.677E 0 
88 BS 770806 l.OlF 0 2.98£-1 3.17E-l 9.245E-l 8 • 6 0 0 E-1 5 • 6 4 9 E 0 3 • 3 9 5 E-1 5 • 9 8 8 E 0 
88 Dl 770812 . E S.OOE-1 .. E 9.922E-l 7.300E+O 1.536E 0 7.577E-l 2.294E 0 
88 E3 770811 1.46£ 0 2.66E-l 3~07E-l 1.067E 0 1.350E+O 3.034E 0 5.255E-2 3.087E 0 
88 Jl 710809 . E 5.00E-l . E 7.785E-1 9.500E-1 1.703E 0 1.195E 0 2.898E 0 
88 ll 770804 l.07E 0 3.14F-1 3.56E-l 9.900E-l 9.100E-1 4.836E 0 6.859E-l 5.522E 0 
8B l2 770805 l.C3E C 2.41E-l 2.73E-l L.056E 0 l..OlOE+O 2 .. 166E 1 L.635E-l 2.182E l 
8B l6 770805 1 .. 32£ 0 3.06E-l 3.l6E-l 9.810E-l 9.900f-1 1.215E 1 l.088E 0 1.324E 1 
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Figure 14-39. Surface film, hexane fraction, Cruise 06B, Station Cl. Labeled peaks are 
a) 2-methyloctadecane (spike), b) 3-methyloctadecane (spike), 
c) 2-methyleicosane (spike), d) 3-methyleicosane (spike), e) from 
septum, f) n-c32 (spike). Numbered peaks are n-paraffins. 
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Figure 14-40. Surface film, benzene fraction, Cruise 06B, Station Cl. Labeled peaks are 
a) chlorinated hydrocarbon, b) dichloropropene, c) nc
13 
(spike), 
d) biphenyl, e) nC 4 , f) hexamethylbenzene (spike), g) nC (spike), h) phenanthrene, iJ phthalate ester, j) c 1-phenanthrene, ~Y phthalate 
ester, 1) c2-phenanthrene, m) from septum, n) nc32 (spike). 
Table 14-8. Summary of Zooplankton Hydrocarbon Content. 
'-& S.IA B.e UAI.E ZQDlt e.R.Lf.ti £.jj~~.a £.B.L.k~l. ,£1 1£-fXL.~I ~All. .G.C~E.D. IUI..a.<ik 
SW A2 01 761122 8202 9.27E 1 5.20E-l 7.94E 1 1.130E 0 1.784E+1 6.399E 1 1.839E 2 2.479E 2 
SW A2 02 761122 8505 1.05E 2 5.08E-1 9.04E 1 1.565E 0 l.l82E+l 4.684E 1 3.785E 1 8.469E 1 
5W 85 01 761124 8202 4.78E 2 4.98E-l 3.49E 2 • OE 0 1 .. 144E+l 1.169E 2 4.228E 1 1.592E 2 
sw 85 02 761124 8505 7.28E 4 5.73E-3 6.02E 2 1.555E 0 3.615E+l 1.207E 2 l.061E 2 2 .. 268E 2 
5W Cl 01 761121 8202 4.16E 1 4.30E-1 2.89E 1 2.012E 0 1.170E+1 5.700E 1 6.716E 1 1.242E 2 
5W Cl 02 761121 B505 !.ZOE 1 6.54E-l 1.74E 1 3~261E 0 3.685E+O 1.971E 0 2.240E 0 4.211E 0 
sw 01 01 761128 8202 1.46E 2 4.29E-l 1.06E 3 2.849E 0 2.790E+l l.089E 2 3.532E 2 4.621E 2 
5W 01 02 761128 8505 4.65E 2 6.34E-l 1.45E 2 1.309f 0 2.626E+1 9.449E 1 9.057E l 1.851E 2 
5W E3 01 761127 8202 3.77E 2 7.88E-1 3.82E 2 l.l17E 0 2.844E+1 l.l34E 2 4.608E 2 5.742E 2 
5W E3 02 761127 8505 8.63E 1 6.31E-1 3.93E 1 3.393E-l 3.380E+1 4.023E 1 4.466E 2 4.868E 2 
5W f2 01 761127 8202 4.52E 1 4.05E-l 2.74E 1 1.243E 0 2.040E+l 4.499E 1 4.248E 1 8.747E 1 
5W F2 02 761127 8505 4.26E 1 4.78E-1 3.12E 1 3.090E 0 6.535E+l 6.244E 1 8.343E 1 1.459E 2 
5W Jl 01 761126 8202 1.30E+2 5.67E-1 9.25E+1 1.512E 0 3.284E+l 7.512E+l 3.830E 1 l.l28E+1 
5W Jl 02 761126 8505 l.,63E 2 4.,39E-l 9.,53E 1 1.157E 0 3 .. 396E+l 6,.661E 1 6 .. 586E 1 1 .. 325E 2 
~ 5W ll 01 761105 8202 1.37E 2 4.67E-l 8.69E 1 1.057E 0 3.112E+O l .. 325E 1 9.092E 1 1.042E 2 
&- 5W ll 02 761105 8505 1.52E 0 4.10E-l l.OlE 0 1.720E 0 3.925E+O 4.255E 1 9.513E 0 5.206E 1 
w 5W l2 01 761129 8202 3.10E 2 4.12E-l 6.96E 1 1.666E 0 1.877E+l 7.592E 1 3.358E 2 4.117E 2 
SW L2 02 761129 8505 1.43E 2 3.95E-l 1.78E 1 l.693E 0 4.294E+I 6.830E 1 5.788E 2 6.471E 2 
5W L4 01 761129 8202 4.60E l 3.80E-l 1.11E 1 1.727E 0 4 .. 206E+1 7.272E 1 2.762E 2 3.489E 2 
5W L4 02 761129 8505 2.47E 2 2.71E-l 8.15E 1 1.893E 0 4.715E+l 8.993E 1 2.999E 2 3.898E 2 
5W L6 01 761106 8202 1.39E 2 3.96E-1 1.81E 1 1.598E 0 3.986E+l 3 .. 918E 1 1.396E 2 1 .. 788E 2 
5W l6 02 761106 8505 9~97E 1 3.50E-l 1.40E+1 . OE 0 3.579E+Z 1.855E 2 3.13~E 1 7.483E 2 
5W N3 01 761128 8202 2 .. 18E 2 7 .. 69E-l 2 .. 16E 2 1 .. 516E 0 2 .. 381E+l 1 .. 299E 2 1.566E 2 2.865E 2 
SW N3 02 761128 8505 7.27E 2 7.90E-1 2.28E+2 4.357E 0 5.081E+l l.039E 0 5.628E 2 5.638E 2 
6W A2 01 770303 8202 2.01E 2 5.65E-1 5.13E 1 1.468E 0 8.848E+O l.177E 1 4.199E 2 4.317E 2 
6W AZ 02 770303 8505 2.23E 2 6.49E-l l.l5E 2 l.437E 0 3.194E+l 8.568E 1 l.832E 2 2.689E 2 
6W B5 01 770302 8202 2.21E 2 7.93E-l l.24E 2 9.640E-l 1.310E+1 1.595E 1 l.l21E 3 l.l37E 3 
6W B5 02 770302 8505 L.63E 1 1.24E 0 2 .. OOE 1 9. 3 54E-1 4. 706E+l 1..448E 2 1 .. 389E 2 2 .. 837E 2 
6W Cl 01 770305 8202 5.76E 0 7.41E-l 4.68E 0 1.855E 0 5.945E+1 2.701E l 2 .. 730E 1 5.431E 1 
6!-4 Cl 02 770305 8505 1.48E 1 8.50E-1 l.75E l 1.287E 0 1.313E+l 2.693E 0 l.l31E 1 1 .. 400E 1 
6W Dl 01 770305 8202 2.72E 2 5.14E-1 1.61E 2 1.339E 0 6.211E+l 7.822E 1 2.992E 2 3 .. 77~E 2 
6W Dl 02 770305 8505 2.32E 2 5 .. 62E-l 7.29E 1 1.421E 0 3.604E+1 1.505E 2 1.148E 2 2.653E 2 
6W E3 01 770301 8202 2.77E 2 6.86E-l 5.05E 2 l.325E 0 7.329E+O 1.414E 1 3.714E 2 3.855E 2 
6W E3 02 770320 B505 2.74E 4 B.l8E-3 l.76E 2 3 .. 170E 0 6.515£+1 7.865E 1 3.389E 2 4.175E 2 
6W F2 01 710221 8202 1.60E 2 7.09E-1 4.06E 1 1.378E 0 2.773E+l 4.010E 1 5.293E 2 5.,694E 2 
Table 14-8. (continued) 
!:B. .Sl!:i RP .DAT~ l.DDtt !:B.Lf:!:i f:!:iL~l£2 .e..&~ll ~£1 Llll£lil .G~.s.!U i2.C.£ABJJ IQIL~ 
6W F2 02 770227 8505 7.66E 1 2.14E-l 1.50E 1 1~919£ 0 3.877E+1 3.822E l 2.806E 2 3.188E 2 
6W J l 01 760227 8202 1.38E 2 7.40£-1 1.35f 2 3.347E 0 1.446F+l 3.975E 1 1.071E 2 l.468E 2 
6W J1 02 170221 8505 8.61E 2 9.47E-l 4.97E 2 9.915E-l 2.707E+l 8.616E 1 8.515E 1 1.713E 2 
6W ll 01 · 770223 !3202 2.05E 1 6.77E-l 1.51E 1 l.l7BE 0 3.039E+l l.848E 1 2.299E 2 2.484E 2 
6W ll 02 770223 6505 l.l6E l 5.72E-l 7.19E 0 1.356f 0 9.940E+O 1.325E l l.l69E 1 2.494E 1 
6W l2 01 770224 B202 4.44E 2 5.76E-l 1.98E 2 l.Ol5E 0 2.470E+1 3.065E 1 4.774E 2 5.080E 2 
6W l2 02 770224 8505 6.35E 2 5.99E-l 7.03E 2 1.142~ 0 2.669E+l 2.994E 1 4.325E 1 7.3l9E l 
6W L4 01 770225 8202 8.02E 1 7.30E-l 7.05E 1 1.521E 0 2.027£+1 1.307E 1 1.705E 2 l.836E 2 
6W l4 02 770225 8505 l.03E 2 4.BOE-l 4.33E l 1.079E 0 5.591E+l 7.308E 1 3.587E 2 4.318E 2 
6W L6 Ol 770220 8202 1.65E 2 7.33E-.l l.l8E 2 9.343E-1 6.008~+1 l.337E 2 4.902E 2 6.239E 2 
6W l6 02 770220 8505 L.25E 2 7.09E-l 1 .. 33E 2 1. 047E 0 2 .. OOOE+l 6.933E 1 1. 846E 1 8.779E l 
6W N3 Ol 770228 8202 2.81E 4 l.OlE 0 2.84E 2 .. OE 0 2.771E+l 5.444E 1 6.502E 2 7.046E 2 
6W 1\13 02 770228 8505 1.35E 5 l.OlF 0 1.22E 3 1.013E 0 7.859E+l 2.053E 2 1.184E 2 3.237E 2 
1-' 7W A2 01 770525 8202 6.59E 3 3.76E-1 l.35E 3 9.44BE-1 1.934E+2 l.951E 3 1.260E 2 2.077E 3 ~ 
I 7W A2 02 770525 B505 2.37E 3 l.09E 0 1.38E 3 l.036E 0 3.238E+2 1.099E 3 1.773E 2 1.276E 3 0\ 
~ 7W 85 01 770526 8202 l.lOE 3 2.14E 0 7.98E 2 OE 0 2.071E+2 6 .. 836E 2 9.759E 1 7.812E 2 .. 
7W 85 02 770526 8505 • E . E 1.41E 3 9.409E-1 2.864E+2 2.232E 3 1.326E 2 2.365E 3 
7W Cl 01 770527 8202 1.20E l 3.99E 0 6.79E 0 2.804E 0 4.112E+1 1.845E 1 4.144E 1 5 .. 989E 1 
7W Cl 02 770527 8505 l.66E 2 l.46E 0 3.83E 2 1.211E 0 1.534E+1 2.177E l 2.020E 1 4.197E 1 
7W 01 01 770525 8202 4.84E 3 4.48E-l l.07E 3 1.790E 0 1.978E+2 6.995E 2 2.600E 2 9.595E 2 
7W 01 02 770525 8505 2.19E 3 5.03F 1 2 .. 93E 3 .. OE 0 1.466E+2 8.572E 2 l.229E 2 9.801E 2 
7W E3 01 710524 8202 .. E .. E 2 .. lOE 3 ... OE 0 2.235E+2 l.004E 3 4.550E 0 l.009E 3 
7W E3 02 770524 B505 1.36E 3 l.3!E 0 2.51E 3 .. OE 0 4.16lf+2 2.809E 3 2 .. 402E 2 3.049E 3 
7W f2 01 770523 6202 1.94E 2 7.64E 0 7.87E 2 1.280E 0 1 .. 536E+2 7.087E 2 3 .. 721E 1 7 .. 459E 2 
7W F2 02 770523 R505 2.62E 5 2.02E-2 2.88E 3 .. OE 0 4.478E+2 3.218E 3 1.710E 2 3.389E 3 
1\>1 J 1 Ol 770522 5202 l.S9E 3 3.54E-1 8.75E 2 l.298E 0 3.912E+1 l.345E 2 3.796E 1 1.725E 2 
7W Jl 02 770522 8505 3 .. 31E 3 2.98E-l 9.,73E 2 8 .. 364£-1 2.840E+l 9.,997E 1 2.421E 1 1.242E 2 
7W ll 01 770518 6202 4.01E 0 5.70E-1 1.22E 0 1.353E 0 4.643E+l 1.838E 2 2.95lf l 2.133E 2 
7W ll 02 770518 8505 l.30E 0 6.89E-l 7.68f-1 l.l37E 0 1.804E+l 8.338E 0 5.785E 0 1.412E 1 
7W l2 01 770518 5202 1.19E 1 5.35E-l 1.87E 0 2.100E 0 1.518E+l 2.038E l 9.216E 0 2.960E l 
7W l2 02 770518 R505 2.44E 0 4.81F-l B.OOE-1 l.l64E 0 1.526E+l 7.945E l l.l66E 1 9.111E 1 
7W l4 01 770520 B202 5.32E 4 5.30E-l 7.24E 2 1.423E 0 4.805E+1 1 .. 285E 2 8.,047E 1 2.090E 2 
7W l4 02 77052C 1::3505 6.31E 3 5.58E-l 3.l6E 2 9.599E-1 4.189E+l 8.400E 1 4.270E 1 7.061E 0 
7W l6 01 770521 8202 2.46E 2 4.48E-l l.65E 2 1.107E 0 1.330E+O 3.595E 2 3.625E 1 3. 957E 2 
Table 14-8. (concluded} 
C.B ~IA B£ J2AI..E Wrlii PRL£.!:1 £t!L£l.a £B.Lk.l.I C.tl I~Xhr.!I &k.s..!ll Y-'.1ABD IQ.IJLG.£ 
7W l6 ·oz 770521 8505 2.86E 2 5.23E-1 2.33E 2 l.l59E 0 1.734E+1 2.864E 1 7.767E 1 l.063E 2 
7W N3 01 770524 8202 2.36E 4 1.54E-2 2.04E 2 .. OE 0 2.066E+2 3.0BlE 1 1.020E l 4~101E 1 
7W N3 02 770524 8505 3.79E 3 4.71E-l 9.46E 2 1.981E 0 1.730E+2 B.955E 2 1.019E 2 9~974E 2 
aw A2 Ol 770825 8202 1.72E 3 2.04E 0 l.63E 3 9.840E-l 5.,505E+l 3.577E 2 1.155E 2 4.732E 2 
8W A2 02 770825 B505 4.85E 3 3.83E-l l.lOE 3 2.413E 0 1.100E+2 l.275E 3 B.217E l 1.357E 3 
BW 85 01 770826 8202 2.03E 3 1.89E 0 l.llE 3 l.066E 0 1.809E+2 l.547E 3 1.326E 2 1.680E 3 
8W B5 02 770826 8505 7.13E 3 1.76E 0 2.60E 3 • OE 0 2.019E+2 6.937E 2 8.961E 1 7.833E 2 
aw Cl 01 770826 8202 1 .. 73E 4 6 .. 11E-3 3.,47E 0 l .. l79E 0 L.576E+l 3.662E 1 1 .. 184E 2 1.550E 2 
8W C1 02 770827 8505 5.40E l 1.07E 0 l.82E 0 9.796E-l 2 .. 138E+l 2.901E 1 2.109E 1 5.010E 1 
BW 01 01 110828 8202 2.01E 4 2.53E-2 1.71E 0 1.731E 0 1.258E+l 8.331E 1 1.743E 2 2.576E 2 
8W 01 02 770828 8505 3.59E 2 5.20E-l 5.49E 0 1.248E 0 7.947E+O 2.332E 1 7.296E 1 9.62BE 1 
BW E3 01 770829 8202 7.97E 3 3.21E-l l.33E 3 2.026E 0 1.342E+2 9.140E 2 1.349E 2 1.049E 3 
...... 
8W E3 02 770829 8505 2.08E 5 3.05E-2 3.35E 3 1.175E 0 l.604E+2 8.103E 2 5.888E 1 8.692E 2 
+=-- 8W F2 01 770824 8202 4.20E 5 8.05E-3 3.87E 3 1.893E 0 7.809E+l 1.155E 3 2.287E 2 1.384E 3 I 
0\ 8W f2 02 770824 8505 5.86E 3 4.44E-1 8.46E 2 1.205E 0 6.034E+l 2.557E 2 3.674E 1 2.924E 2 V1 
BW Jl 01 770824 8202 2.58E 3 6 .. 32E-l 9.,78E 2 1 .. 462E 0 4.451E+l 5.170E 2 2 .. 498E 1 5.420E 2 
8W Jl 02 770824 8505 2.04E 3 1.34E 0 1.43E 3 1.372E 0 l.605E+2 1.498E 3 1.899E 2 1.688E 3 
8\-J l1 01 770820 8202 9.28E 1 5.09E-l 3.13E 0 1.579E 0 9.114E+O 9.093E 0 5.619E 1 6.528E l 
8W ll 02 770819 8505 8.77E 1 5.72E-l 5.66E 0 l.l86E 0 1.812E+l 1.777E 1 l.024E 1 2.801E 1 
8W l2 01 770820 8202 3.06E 2 1.05E 0 3.01E 1 t.326E 0 .. E l.082E 2 2.485E 1 1.330E 2 
BW l2 02 770820 8505 2.11E 4 1.00E 0 4.91E 1 9.341E-l 2.260E+l 2.920E 1 5.050E 0 3.425E 1 
aw L4 01 770821 8202 1.90E 3 6.33E-l 1.23E 3 1~285E 0 3.788E+l 1.686E 2 8.141E 1 2.500E 2 
8W l4 02 770821 B505 3.72E 3 7.7SE-l 3.39E 3 2.172E 0 3.788E+1 2.524E 3 6.358E 2 3.160E 3 
8W l6 01 770822 8202 3.94E 2 4.49E-l 5.31E 1 9 .. 403E-l 8.215E+O 1 .. 924E 1 2.,390E 1 4.314E 1 
8W l6 02 770822 8505 3.51E 4 5.96E-3 l.79E 1 1.035E 0 1.011E+1 2.736E 1 9.856E 0 3.722E 1 
8W N3 01 770828 8202 2 .. 58E 5 1.24E-2 1.44E 3 6.847E-1 5.727E+l 4 .. 133E 2 2 .. 855f 2 6 .. 988E 2 
BW N3 02 770828 B5C5 2.42E 3 1.02E 0 9.31E 2 6.287E-1 l.379E+2 l .. 28BE 3 2.618E 2 1.550E 3 
14-48. The aliphatic and aromatic fraction chromatograms of 
zooplankton samples are presented in Figures 14-12 to 14-17. 
Concentrations of aliphatic fractions for cruises 07 (spring) and 08 
(summer) were generally larger than for cruise OS (fall) and 06 
(winter). 
Neuston 
Very few neuston samples were analyzed for hydrocarbons because 
of the low biomass collected; even the samples analyzed were 
c0nsiderably below normal sample size for organisms. The neuston 
hydrocarbon data are summarized in Table 14-9. The aliphatic and 
aromatic fraction chromatograms of a neuston sample are presented in 
Figures 14-49 and 14-50. Aliphatic fractions belong to type A whereas 
aromatic fractions contained mostly methyl esters which could not be 
removed, thereby obscuring hydrocarbon analysis. 
Benthic Fauna 
Hydrocarbon data are grouped by species (in taxonomic order), 
.then by station and cruise in Table 14-10. The data set is not 
complete because some organisms were absent from stations during some 
seasons. Figures 14-51 and 14-52 are the reproductions of selected 
benthic fauna aliphatic and aromatic fraction chromatograms 
respectively. 
Some generalizations can be drawn for species that were collected 
during at least three cruises at the same station. Aliphatic 
fractions of Echinarachnius parma, Asterias forbesi, Geryon 
quinquedens, Placopecten magellanicus, Phycis chesteri, and 
Hyalinoecia artifex contained pristane as a major component. 
Sclerasterias tanneri and Astarte castanea contained an olefin with Rl 
3011; Asterias vulgaris, Astropecten americanus, and Cancer irroratus 
had no regular major component. 
Sediment 
Sediment data are summarized in Table 14-11. The 
intercalibration and recolonization sediment data are summarized in 
Tables 14-12 and 14-13 respectively. The aliphatic and aromatic 
fraction chromatograms of a selected sediment sample are presented in 
Figures 14-53 and 14-54. 
Aliphatic fractions of sediment samples were characteristically 
low in pristane, contained olefins with retention indices between 2000 
and 2100 and in general had high concentrations of C29 and C31· 
Hopane, norhopane, and other triterpanes were always present in the 
sediment samples although their concentrations varied. Aromatic 
(TEXT CONTINUES ON PAGE 14-98) 
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Figure 14-41. Group distributions of zooplankton hydrocarbons, Cruise 05, 
net mesh 202]J. 
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Figure 14-43. Group distributions of zooplankton hydrocarbons, Cruise 06, 
net mesh 202].1. 
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Figure 14-44. Group distributions of zooplankton hydrocarbons, Cruise 06, 
net mesh 505JJ. 
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Figure 14-45. Group distributions of zooplankton hydrocarbons, Cruise 07, 
net mesh 202~. 
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Figure 14-46. Group distributions of zooplankton hydrocarbons, Cruise 07, 
net mesh 505]1. 
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Figure 14-47. Group distributions of zooplankton hydrocarbons, Cruise 08, 
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Table 14-9. Summary of Neuston Hydrocarbon Data. 
k.R .SI.A B.E .QA.If P.BL£±:! PHLU8. £ELU.I k£.1. l.Lf.Xla.iii i:&..t.A..l...l. ~A..AB.Q. IUia.G.G. 
SW BS 01 761124 2 .. 45E 2 3 .. 46E-l l .. l6E 1 H.604E-l 1.271E+2 2 .. 038E 1 9.547f 3 9.567f 3 
8W A2 01 770825 1.27E 2 3.00E-l 3 .. 22E 1 1.343E 0 1.053E+l 2.357E 1 1.321E 1 3.678E 1 
8W E3 02 770829 l.SOE 2 6.81E-1 5.33E 1 3.421E 0 l.624E+l 5.260E l 4.046E 1 9.306E 1 
BW F2 03 770824 l.91E 2 9.16E-l 3~80E l 1.638E 0 1.916E+l 3.429E 1 1 .. 758E 1 5.187E 1 
8W Jl 04 770824 1.82E 2 7.16E-l 6.79E 1 3.596E 0 l.SOSE+O ~.968E 0 1.233E 0 8.101E 0 
05\V B5 sample is an unidentified fish. 
All 08l\T samples are Idotea metallica . 
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Figure 14-49. Neuston, hexane fraction, Idotea metallica, Cruise 08W, Station E3. Labeled 
peaks are a) 2-methyloctadecane (spike), b) 3-methyloctadecane (spike), 
c) nc32 (spike). Numbered peaks are n-paraffins. 
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Figure 14-50. Neuston, benzene fraction, Idotea metallica, Cruise OSW, Station E3. 
Labeled peaks are a) nc13 (spike), b) nc14 (spike), c) hexamethylbenzene (spike), d) nc15 (spike), e-g) methyl esters, h) nc32 (spike). 
Table 14-10. Summary of Benthic Fauna Hydrocarbon Content. 
HYALINOECIA ARTIFEX 
~R .S..IA B.£ .QAif I.AZQtLk.QQ.E !:8.L£ti E:tlLC.l!l f:RLUI k£.1 l~XI~!LI .Gb!l.l ii1..£.AB.Q IQ.I.mliC. 
5T J 1 Q4 761114 48C6010501 4.14E l 1.02E 0 3.09E 1 l.Ol3E 0 4.589E+1 4.052E 0 1.938E 1 2.343E 1 
7T J1 02 770518 4806010501 2.26E 2 6.63E-l 9.30E 1 1.644E 0 2.457E+l 4.745E 0 4.386E 0 9.13lf 0 
BT Jl 02 770912 4806010501 2.29E 2 1.64E 0 6.56E 1 1.502E 0 2.051E+1 4.040E 0 1.348E l l.752E l 
CALLIOSTOMA BAIROil 
!;..!l .S.I.A F: P .QlU.£ IAX.Q!:L co Q~ PRL£i:J f.tiLk..l!l E.RLkli C.tl I~llL!!I f2.'-LAL! ~~LABQ IQI.di~ 
6 T I 1 03 770323 4904090301 2.43E 0 4.55E-l 1.55E 0 1.054E 0 9.046E-l l.299E-l 1.750E-l 3.049E-1 
PLACOPECTEN MAGELLANICUS 
~B .S.TA B.£ QAI£ IA~Qt:LkQQ£ £8..LPH £.HE.il £R&l.I ~ IL.E.ll.s.lU g.2.AU .GkAllil I.QL..Gk 
51 81 04 761115 4908300301 2.13E 1 5.02E-l 4.32E 0 1.104E 0 3.406E+O 5.046E-l 8.967£-l l.401E 0 
ST E 1 04 761111 4908300301 l .. 59E 1 4.8lE-l 1.64E 0 9.082E-1 7 .. 222E+O 3 .. 843E 0 1 .. 435E 0 5 .. 278E 0 
5T I 1 04 761114 4908300301 2.27E l 6.51E-l 1 .. 35E 0 9.172E-1 4.879E+O 1.353E 0 3.064E 0 4.417E 0 
6T El 04 770320 4908300301 2 .. 89E 0 7 .. 85E-l 4 .. 32E-l 1 .. 308E 0 2 .. 690f+O 2 .. 513E-l 4.287E-1 6,.800E-l 
7T El 04 770518 4908300301 2.3'3E 1 2 .. 21E-1 2.53E 0 l .. 942E 0 4.923E+O 9 .. 699E-l 1 .. 647E 0 2.617E 0 
sr B 1 04 770914 4908300301 2.55E l 3.07E 0 4.80E 0 9.798E-1 8.822E+O 9.382E-l 1.428E 0 2.366E 0 
8T El 08 770910 4908300301 2.40E l 6.89E-l 6.00E 0 8.943E-l 9.210E+O 1.976E 0 2.288E 0 4.264f 0 
1-' 8T I 1 03 770912 4908300301 5.21E 1 5.07E-l 1.40E 1 1.198E 0 2.190E+O 5.7BOE-l 1.649E-l 7 .. 429E-1 
~ 
I 
_. ASTARTE CASTANEA C/:) 
~R .S.IA ££ .QAT E. IAX.lliL .. k.QQ.E E.RL£!:1 E.tiL~l~ E.B.Lkll kl:.l ILE.U.sJil. fZ.k2.All ~s..ARO :lllL.!Z~ 
6T C2 01 770319 4908430101 2 .. 21E 0 l .. OOE 0 3.25£ 0 2.668E 0 6.870E+O 1.231E 0 l.595E 0 2 .. 826E 0 
7T CZ 01 770516 4908430101 4.96E C l .. OOE 0 2.37E 0 l.489E 0 3 .. 423E+O 7 .. 152E-l 2 .. 447E 0 3 .. l62E 0 
8T C2 02 770907 4908430101 l.56E 0 3.41E-1 4.16E-l l.749E 0 1.808E+O 9.254E-l 5.336E-l 1.459E 0 
ASTARTE UNDATA 
~E. .SI.A BE .QAI£ .IA.XJJt:LJ:!.J.Q..t E.B.L£:!:1 £tlLC.l!i E.fU.Ul ~tl l&£.XI2.WT ~£-ALl 121:aABJJ IUh.Gk. 
5T I l 01 761114 4908430102 3.36E 0 4.45E-l l.l7E 0 8.468E-l 5.163E+O 1.880E 0 2.239E 0 4.119E 0 
6T Il 01 770323 4908430102 2.78E 0 7.25E-l 5.75E-l l.l88E 0 8.918E+O 1.240E 1 4.973E 0 1.737E l 
7T Al Ol 770519 4908430102 6.30E 0 3.35E-l l.99E 0 9.113E-l 7.232E-l 3.120E 0 1.974E 0 5.094E 0 
CYCLOCARDIA BOREALIS 
kB. .SIA B.£ .QAI£ lA];.Q.bL~QQ£ f:.BL£l:i I:tiLUli £.B.L(ll ~tl hUhWT fZ.~~u 121:.2-AE.Q ID.l.£.!JC. 
5T El 03 761111 4908450201 3.82E 0 3.34E-l 3.15E-l 9.387E-l 2.662E+O l.443E 0 5.866E-l 2.030E 0 
6T fl 03 770320 4908450201 3.90E 0 5.59E-l 3.15E-l 1.063E 0 2.170E+O 1.518E-l 9.133E-l l.065E 0 
ARCTICA ISLANDICA 
!;..B .S.IA B£ .QAl.£ IA];.Ql:L(Q!.lf PRL£1: f.l:iLUSi PRLJ;.J..I i:E.l .r.~fll£-iil .GkA.Ll !&~fill I.QI&~k. 
6T Bl 01 770823 4908460101 1.75E 0 6.SOE-l 8.36E-1 1.032E 0 2.182E+O 1.571E-l 1.543E-1 3.114E-l 
LOLIGIJ PEALEll 
CB SI.A .B£ QATE IAXD.tLC.QQ£ E.B.L£.!:1 e.!:lLCl!i £B.LC1.I ~£1. I~XI.tl-!1 fZ.C.&A.Ll £Z.c...a.A&J. . IJlL.{i~ 
Table 14-10. (continued) 
Qi SIA B.£ .QAI.E. IAXilt:L~QQE. PRL£tl PH~.l.§ PRLkll C£1. I~E.XI.a.riT ~C..a.Al.l fibARU IJJ.L..!iC. 
5T C2 02 761109 4909010201 9.05E l 3.31E-1 2.07E 1 9.748E-1 1.050E+O 3.282E-1 1.244E-l 4.526E-1 
5T N3 02 761109 4909010201 1.28E 2 5 .. 08E-1 5 .. 04E 1 1 .. 129E 0 1 .. 036E+l 5.377E-1 2.599E-l 7.976f-1 
LIMULUS POLYPHEMUS 
~R .s.IA RP .QAI.E IAlHJ.J~L!J:!Q..E. PRLPH £.tiL~l~ RB.L~ll ktl .L.llh.!ii !lks.All !i'.a.AR!J IQI..Ji' 
5T CZ 01 761109 5001010101 2.50E 0 l.51E 0 1.32E 0 1.472E 0 1.05+E1 2.430E-l 1.568E 0 l.811E 0 
1T C2 02 770516 5001010101 1.03E 0 5.63E 1 4.93E 0 1.609E 0 6.654E+1 4.415E-l 1.820E 0 2.261E 0 
DICHELOPANOALUS lEPTOCERAS 
hB llA RP .QAif T A XQtLC.Q Q..E £.B.L£.t! e.l:iL:C..la RBLUl ~tl l.LfXTdti !i~AJ..l. !it. ... AB.Q IOI..sJit. 
6T J 1 01 770322 5319190101 4.00E 0 6.22E-l l.75E 0 l.l91E 0 3.172E+O 6.344E-l 1.037E 0 1.671E 0 
OVALIPES OCELlATUS 
1-' kB ,S_T A .R£ J2AI.E IAX.m:LQJQ..E e.B.L£Jj f:)j/Clti £BLU.1 C.£1 I~XILla !it.a.A.ll !it....e.AR!l IQL!Z£ 
.!::'- 8T C2 04 770907 5319580502 4.17E 1 4.64E-l 1.29E 1 1.475E 0 1.747E+2 l.l64E 0 3.492E 0 4.656E 0 I 
-....! 
\0 
CANCER BOREALIS 
t.B SIA B.£ QA.If IA.O.ill:LC.QD E £.BL£tl R!::iL!:.l~ PRL.lll. c. e. I. L..EXLdil .GC..a.Al.l. g~B.J. TQistGC 
5T Jl Cl 761114 5319590101 6.11E 0 5.25E-1 3.14E 0 1.188E 0 2.562E+O 5.679E-l l.998E-l 7.677E-l 
6T A l 02 770323 5319590101 L.55E-l 6 .. 20E-l S .. lSE-2 l .. 722E 0 2 .. 930E+O 6 .. 234E-l 6.,969E-l 1 .. 320E 0 
7T Il 03 770519 5319590101 1.67E 2 9.34E-1 1.48E 2 1.418E 0 2.067E+O 2.108E 0 l.l80E 0 3.288E 0 
8T Al 02 770912 5319590101 4.06E l 6.99E-l 1.61E 1 1.298E 0 5 .. 960E+O 1 .. 330E 0 1.296E 0 2.626E 0 
8T I 1 02 770912 5319590101 4.16E 1 5.41E-1 4.89E 0 2.283E 0 6.291E+O 4.948E-l 5.097E-l l.004E 0 
CANCER IRRORATUS 
C.B. .S.IA B.£ QAT.!;. IAXD~LCJJ.Q.f £.RLPH ~L~il PRLU1 C.£1. T .. E;XI.s.lil. Gt.a.Al.l GkAB.D TO~ 
5T 01 03 761109 5319590102 2.75E 2 4.17E-l l.42E 1 1.355E 0 3.395E+O 8.369E 0 3.009E 0 1.138E 1 
ST N3 01 761109 5319590102 2 .. 42E 1 6.03E-l 1.88E 1 1 .. 318E 0 1.207E+l 3.757E-1 2.534E-l 6 .. 291E-l 
6T B 1 03 770323 5319590102 5 .. 60E 0 4.49E-1 l.lOE 0 1.820E 0 3.028E+O 1.925E-l 6.700E-l 8 .. 625E-1 
6T C2 02 770319 5319590102 l.41E 0 4.25E-l 4.20E-1 l.232E 0 7.299E+O 2.806E-l 1.736E 1 l.764E 1 
6T Dl 03 770319 5319590102 9954E 0 4.11E-l 2.40E 0 1.296E 0 3.493E+O 5.783E-l 3.797E 0 4.375E 0 
61 Fl 03 770321 5319590102 8.69E 0 5.37E-l 2.21E 0 2.194E 0 l.956E+O 4.448E-l 3.755E-l 8.203E-l 
6T N3 03 770320 5319590102 3.14E 0 2.78E-l l.09E 0 8.326£-1 9.884E-l 2.204E 0 2.396E 0 4.600E 0 
7T Al 03 770519 5319590102 l .. 65E 2 4 .. 85E-l 5 .. 73E 1 1.708E 0 9.907E-1 1.399E 0 3.072£-1 1.706E 0 
Table 14-10. (continued) 
kJi S.I~ B.£ .Q&It. I&Xf.lt:L~QQE. e.KLPH El:1D:lli P.BLC.U l:£1. l£ll.I..alfl. ~.1AU ~kAB.Q lill£~ 
7T Bl 03 770521 5319590102 6.44E l l.&6E 0 2.24E 1 2.289E 0 1.857E+O 6.454E-l 1.262E 0 1.907E 0 
7T C2 01 770516 5319590102 2.39E 0 5.19E-l 3.23E-l 1.190E-2 9.064E+O 2.540E 0 3.025E 0 5.565E 0 
7T 01 02 770516 5319590102 9.57E 0 1.37E 0 2.02E 0 1.535E 0 1.451E+l 1.046E 0 4.157E-l l.462E 0 
7T E l 03 770518 5319590102 9 .. 37'= 1 6.80E-l 8.26E 1 1 .. 484E 0 4.047E+O 1.561E 0 2.,338E-l 1.795E 0 
7T Fl 03 770518 5319590102 1.1ZE 2 4.14E-1 5.78E 1 1.063E 0 6.961E+O 5.071E 0 l.l93E 0 6.264E 0 
7T N3 03 770516 5319590102 2.96E 1 8.86E-l l.l3E 1 1.524E 0 7.013E+O 5.067E-l 1.209E 0 1.716E 0 
8T Bl 02 770914 5319590102 1.8BE 1 7.39E-l 1.34E 1 1.574E 0 3.214E+O 1.675E-l 1.724E-l 3.399E-l 
8T C2 03 770907 5319590102 9.41E-l 2.27E-3 1.96E-3 1.932f 0 1.403E+1 2.319E 1 1.440E 0 2.463E 1 
BT 01 03 770907 5319590102 3.75E 1 5.14E-l 9 .. 69E 0 1 .. 549£ 0 1 .. 393E+l 2 .. 883E 0 1 .. 420E-l 3.025E 0 
8T f 1 02 770911 5319590102 1.46f 2 1.44E 0 l.l2E 2 1.227E 0 5.728E+O l.069E 0 9.119E-2 1.160E 0 
8T N3 03 770907 5319590102 5.42E 1 7.12E-l 2.71E 1 1.127E 0 1.069E+l 9.840E-l 4.689E-l l4453E 0 
GERYON CUINQUEDENS 
t-' C.R .s.I.A B£ llAI.f IA~Q.!:L.C.Q DE e.RL£!::! !:l::lLk~!l e.&Lkil {;.fl. L.f.XT~HI. fi.C.~Al.l !&.4.Eill. IQ.h~ ~ 
I 5T Jl 03 761114 5319670101 6.24E 2 5.51E-1 l.59E 3 l.911E 0 8.147E+O 4.276E 0 2.699E 0 6.975E 0 00 
0 bT Jl 02 770322 5319670101 2.34E 0 l.91E 0 2.95E-1 8.300E-l 4.675E+O 1.742E 0 3.503E-l 2.092E o-
7T Jl 01 770518 5319670101 1.06E 2 5.22E-l 6.02E 1 1.245E 0 7.018E+O 2.128E 0 9.714E-l 3.099E 0 
BT J 1 Ol 770912 5319670101 8.69E 2 2.48E 0 2.04E 2 1.305E 0 3.654E+l 2.056E 1 8.349E-l 2.139E 1 
ASTROPECTEN AMERICANUS 
kB. ~Iii B£ UAI& IA2W!:L.kQl.l.E £B.L£!::! £!::!L.C.l& EELLll .C.£1 I.s.EXI&l iZkALl flk.t.ABQ IUL!i.C. 
5T Al 01 761114 6801100101 2.08E 0 9.93E-l 1.41E 0 1.006E 0 5.377E-l 1.914E 0 4.815E-l 2.395E 0 
5T El 02 761111 6801100101 4.94E 0 Z.40E-l 1.27E 0 8~645E-l 2.671f+O 4.627E 0 3.981E-1 5.025E 0 
Sf F1 02 761113 6801100101 2.27E 2 2.35E-1 2.57E 1 9.295E-l l.082E+O 5.182E-l l.l85E 0 l.703E 0 
5T I 1 03 761114 6801100101 1.06E 1 2.24E-l l.l8E 0 1.181E 0 2 .. 737f+O 7 .. 174E-1 4.731E-l 1 .. 190E 0 
6T Al 01 770323 68Cll00101 2.56E 0 3.42E-l 4.94E-l 6.028E-1 3.273E+O 2.796E-l 2.504E-1 5.300E-l 
6T El 02 770320 6801100101 B .. OSE-1 1.31E-l 8.95E-2 9.180E-l 2.317E+O 1.453E 0 8.199E-l 2.273E 0 
6T Fl 02 770321 6801100101 9.82E l 9.97E-3 4.33E-l 9.965E-l l.853E+O 6.261E-1 3.126E-l 9.387E-l 
6T Il 02 760323 6801100101 4.97E 0 l.85E-l 2.74E-l 1.091E 0 2.076E+O 4.929E-l 1.872E 0 2.365E 0 
7T Al 02 770519 6801100101 1.91E 2 3.23E-l 3.22E l 1.054E 0 1.600E+O 7.215E-l 2.157E-l 9.372E-l 
7T El 02 770518 6801100101 1.14E 2 7.95E-l 4.18E 1 1.333E 0 2.759E+O 1.992E 0 6.561E-l 2.648E 0 
7T Fl 02 770518 6801100101 4 ... 19E 1 3.84E-1 9 .. 38f 0 9 .. 459E-l 1 .. 389E•O 2.743E-l l .. 219E-l 3.962E-l 
7T 11 02 770518 6801100101 7.52E 1 4931E-l 1. 74E l 1.001E 0 3.149E+O 1.378E 0 1.140E 0 2.518E 0 
ST Al 01 770912 6801100101 4.37E l 4.15E-l l.lBE 1 9.877E-l 2.216E+O 9.422E-l 3.288E-l 1.271E 0 
Table 14-10. (continued) 
k.B .SIA B.£ .QAI~ IA?H:li:LC.Q.Q~ f~B.L£..tl P HLC.lft £B.LUZ C.£1 L..f.Ud!II ~hALl !ZC.aA8Q IQI~!ZC. 
8T E1 01 770910 6801100101 7.93E 2 4.2lE-l l.64E 2 1.043E 0 3.960E+O 2.473E 0 6.265E-l 3.099E 0 
8T Fl 01 770911 6801100101 2 .. 79E l 1.17E 0 4.43E 0 7.361E-l 1 .. 577E+O 4.973E-l 4 .. 929E-l 9 .. 902E-l 
8T I1 01 770912 6801100101 6.35E+l 3.71E-1 9.08E 0 l.OOlE 0 2.095E+O Z.256E-l 5.811E-l 7.263E47 
ASTERIAS FORBESI 
kE .SI.8 B.£ DALE lAX!ThLC.QQf. f:B.Lftl i?.l::l.Lc..l:8. PRK.U C.£1. L..f.KI~l1I ~.Ll ~ARO I.Qh~ 
ST 01 01 761109 6801500101 8.32E 0 5.44E-l 2.39E 0 l.395E 0 5.072E+O 1.431E 0 2.991E 0 4.422E 0 
6T 01 01 77031'9 6801500101 6 .. 69E 0 5 .. 42E-l 5.33E-l L.ll4E-l 8 .. 051E+O l ... 381E 2 8.354E 0 l .. 465E 2 
6T N3 01 770310 6801500101 3.27E 1 7.10E-l 2.64E 0 9.134E-l 1.618E+l l.062E 1 3.148E 0 1.377E 1 
7T Dl 08 770516 6801500101 2.16E 1 9.82E-l 1.99E l l.635E 0 l.247E+1 2.699E 0 2.339E 0 5.038E 0 
7f N3 01 770516 6801500101 5 .. 47E 1 3 .. 64E-l 6 .. 02E 0 l.639E 0 8 .. 966E+O 5 .. 666E-l 1 .. 330E 0 1 .. 897E 0 
8T 01 01 770907 6801500101 2.81E 1 1.50E 0 1.15E 1 1.7BOE 0 1.014E+l l.828E 0 1.807E 0 3.635E 0 
8T N3 01 770907 6801500101 3.03E l 6.00E-l 6.83E 0 1.429E 0 5.888E+O 4 .. 474E-l l.586E 0 2.033E 0 
"""' ~
I ASTERIAS VULGARIS co 
"""' kli ~IA B.£ Q.Aif. .IA.X.QtL1;..QQ£ PRLftl .PJ::iLC..~!! PRLU.l C..£. I I.Lllh.U .GkAL.l ~~B..U I!ll~ 
5T B1 01 761115 6801500102 3..,44E l 4 .. 56f-1 4.82E 0 L.208E 0 5 .. 866E-l· 3 .. 315E-l 3.333E-l 6 .. 648E-l 
5T 01 02 761109 6801500102 3.89E 0 3.74E-l 9.77E-l 1.256E 0 9.767E+O 7.268E l 2 .. 212E 0 7.489E 1 
5T El 01 761111 6801500102 2.45E 0 2.15E-1 4.93E-l 3.073E-l 5.483E+O 2 .. 304E l 9.488E-l 2.399E 1 
5T Fl 01 761113 6801500102 1.31E 0 4.06E-l 3.53E-l 4.295E-l 5.140E+O l.901E 0 9.672E-l 2 .. 868E 0 
5T Il 02 761114 6801500102 2.88E 0 3 .. 34E-1 2 .. 52E-l 2.827E-l 2 .. 649E+l 6.,605E 0 1 .. 768E 0 8 .. 373E 0 
6T Bl 02 770323 6801500102 2.42E 0 S.OlE-1 5.94E-l 4.299E-l 6 .. 176E+O 1.153E l 2.018E 0 1 .. 355E 1 
6T 01 02 770319 6801500102 6.34E 0 3 .. 59E-l 7 .. 49E-l 5 .. 230E-l l .. 080E+l 3.,387E 0 l .. 451E 0 4.,838E 0 
6T El 01 770320 6801500102 6.42E 0 4.27E-l 6.15E-l 8.589E-1 4.115E+O 8.518E-l 2.562E-1 1.108E 0 
6T F1 01 770321 6801500102 2.08E 2 8.25E-3 7.32E-l 8.331E-l 2.245E+O 3.031E 0 5.407E-l 3.572E 0 
6T N3 02 770320 6801500102 5,..02E 0 2 .. 87E-1 6 .. 18E-l 9.959E-1 5.,337E+O l.l08E 0 9.,849E-l 2.093E 0 
7T Bl 02 770521 6801500102 l.52E 2 5.75E-l 2.15E 1 9.931E-l l.522E+O 2.196E-1 4.388E-l 6.584E-l 
7T Dl 01 770516 6801500102 l .. 96E l 5 .. 58E-l 2 .. 51E 0 1 • .553E 0 3 .. 360E+O 4 .. 119E-l 4 .. 187E-l 8 .. 306E-l 
7T El 01 770518 6801500102 6.,55E 1 6.29E-l 6.37E 0 8.772E-l 3.486E+O l.049E 0 6.058E-1 1.655E 0 
11 Fl 01 770518 6801500102 2.17E l 3.85E-l 3.58E 0 l.l82E 0 2.799E+O 2.343E-l 2.108E-l 4.451E-l 
7T u 01 770519 6801500102 4 .. 4BE 1 9.00E-l 1 .. 14E 1 1.142E 0 2.200E+O 3 .. l46E-l Z.lOlE-1 5.247E-l 
7T N3 02 770516 6801500102 1.89E 0.4.42E-l 5.64E-l 4.747E-l 3.128E+O 2.652E 0 4.087E 0 6.739f 0 
8T B 1 01 770914 6801500102 8.48E l 5.42E-1 l.lBE 1 4.919E-l 9 .. 134E+O 8.518E 0 1.764E 0 1.028E 1 
8T 01 02 770907 6801500102 2 .. 93E 0 6 ... 64E-l 9 .. 19E-l 4.963E-l 1 .. 416E+l l.466E 1 2 .. 852E 0 1.751E l 
Table 14-10. (continued) 
kB. S.IA R£ MI..E IAX.D~-~Q.Qf PRL£H e..J::l~l.§. E.BLUl !:E:.l I..LUI..Li!I !:ik...LAi..l {iCs.8.RQ IQ.I~ 
BT E 1 01 770910 6801500102 2.93E l 7 .. 58E-1 4 .. 00E 0 1.974E 0 9 .. 297f+O 2.397E 0 4 .. 129E 0 6.526E 0 
BT El 03 770910 6801500102 9.,04E 0 5.91E-l 2.12E 0 1.031E 0 6.075E+O 2.033E 0 7.169E-l 2.750E 0 
8T N3 02 770907 6801500102 7.85E 0 7.80E-1 3.52£ 0 1.498E 0 3.158E+O 9.366E-l 3.430E-l 1.280E 0 
LEPTASTERIAS TENERA 
~R S.IA B£ DAI£ IAXDi:Lkil.Q.E £.BL£H £HL.Cl!i £B.Lk.l.l C.tl IL£.XL..HI {ih.AJ...l {it;_d_B..Q IQ.I~ 
7T B 1 01 770521 6801500201 3 .. 01E 1 7 .. 46E-l L.l8E 1 1 .. 947E 0 1.475E+O 6.805E-l 3 .. 961E-l L.077E 0 
7T I 1 04 770519 6801500201 6.12E 0 3.81E-1 l.95E 0 1.052E 0 3.643E+O 4.089E-l 2.692E-l 6.781E-l. 
SCLERASTERIAS TANNER! 
r:;_g_ S.TA B.£ .QAI.E IAX mL.l:iJOE £BLPh £!:!Klil ER&U C.tl !All. .alii. f2.C.s.AL1. ~.z.AB.U ID.h~ 
ST A1 02 761114 6801500501 6.57E 0 2.19E-1 1.85E 0 9.542E-1 7.090E+O 7.236E-l 1.179E 0 1.903E 0 
ST Fl 03 761113 6801500501 3.38E 0 4.03E-l 6.37E-l 9.,006E-1 3.285E+O 3.995E-l 3.497E-l 7.492E-l 
~ 6T Al 03 760323 6801500501 3.43E 0 3.51E-1 8 .. 15E-l 1 .. 176E 0 2 .. 668E+O 2.724E-l 1.607E-l 4.331E-l 
~ 6T F1 04 770321 6301500501 9 .. 36E-l 9~73E--l 4 .. 58E-1 6.,340E-l 5.786E+O 1.811E 0 2 .. 217E-l Z.033E 0 I 
00 6T I l 04 770323 6801500501 9 .. 09E-l 6 .. 50E-3 5,88E-3 1 .. 252E 0 L.972E+O 4~962E-l L.409E-l 6 .. 371E-l N 
7T Al 04 770519 6801500501 1.31E 1 6.28E-l 3.47E 0 1.614E 0 2.415E+O 5.601E-l 3.557E-l 9.158E-l 
7T Fl 05 770518 6801500501 8 ... 10E 0 3 .. 39E-l 1 .. 38E 0 L.046E 0 4 .. 412F+O 7.941E-l 1 .. 013E-3 7.951E-l 
BT A1 03 770912 68Cl500501 8 ... 65E 0 3 ... 77E-l 1 .. 53E 0 9 ... 6l2E-1 3 .. 036E+O 6.303E-l 2 .. 938E-l 9.241E-l 
8T F 1 03 770911 6801500501 5 .. 61E 0 5 .. 86E-l 3 .. 67E 0 1 .. 046E 0 3 .. 652E+O 3 .. 593E 0 5.,992E-l 4 .. 192E 0 
BT Il 04 770912 6801500501 l.62E l 3.9HE-l 3.70E 0 l.l41E 0 3 .. 840E+l 4.148E-l 4.569E-l 8.717E-l 
ECHINARACHNIUS PARMA 
~B. .S.TA B£ .Qfii£ IAXQbLC.QQ~ e.s.Le..tl t:tiLC.l.a £.RLC.ll C.£1. I~ll~Jdi. f2..ks.A!.l 1ZbABQ IQI.~ 
ST Bl 02 761115 6802560101 2.46E 1 l ... 30E 0 l.26E 1 l.383E 0 3.453E-l 4.607E-l 5.731E-l l.034E 0 
5T 01 04 761109 6802560101 3 ... 61E l 9.54E-l 4.70E 0 l.608E 0 7.463E-l 3 .. 877E-l 5 .. 977E-l 9.854E-1 
6T Bl 04 770323 6802560101 5.60E 0 5.35E 0 1.32E 1 2.234E 0 9.261E-l 3.698E-l 4.558E-l 8.256E-l 
6T 01 04 770319 6802560101 3.33E 1 2.10E 0 6.80E 1 9.976E-l 2.814E+O l.007E 0 8.452E-l l.852E 0 
7T Bl 04 770521 6802560101 1.87E 2 6.16E-2 1.34E 2 1.487E 0 5.814E-l 3.215E-1 5.713E-l 8.928E-l 
7T 01 0.3 770516 6802560101 l.lOE 1 3.76E-l 2.56E 0 1.312E 0 4.384E+O 6.417E-l 5.066E-l 1.148E 0 
8T Bl 03 770914 6802560101 2.14E 2 6.30E-2 4.44E 1 1.404E 0 8.321E-l 1.675E-l 3.337E-l 3.399E-l 
8T Dl 04 770907 68C256010l 3.26E 1 4.40E 0 5.39E 1 1.631E 0 6.960E-1 3.999E~l 5.383E-l 9.382E-1 
RAJA ERINACEA 
Table 14-10. (continued) 
C.R STA R£ .QATE .IAX.U!::LC.QQ£ PRL£t! l!HLLlB. E.BLJ:li .C£:1 I.sLXLJil G.C..t.A.Ll. ~,.AB.Q I!ll.sli'-
7T C2 03 770516 7612010102 1.28E l 4.95E-l 2.86E 0 l.Ol3E 0 4.020E+O 3.619E 0 9.613E-l 4.580E 0 
7T N3 04 770516 7612010102 2.29E l 8.68E-1 2.48E 0 8.981E-1 3.161E+l 2.415E 0 4.190E 0 6.605E 0 
UROPHYC IS CHUSS 
C.B. .SIA &.!: QAif IA~.QJL{;.Q.Qf. l:.BL£.ti PHL_kll £RLLli ktl I.a.E.ll.s.HI !ik.M..l. .Gk.aARD. IQ.h~ 
6T N3 04 110320 7925010401 2.22E 0 7.65E-1 1.27E 0 l.235E 0 5.188E+O 3.285E-l 2.270E-l 5.555E-l 
1T N3 05 770516 7925010401 4 .. 79E 1 8 .. 04E-l 2.62E 1 1.532E 0 9 .. 441E+O 6.936E-1 1.984E 0 2.678E 0 
81 N3 04 770907 7925010401 6.49E 1 8 .. 09E-l 4.18E l l.667E 0 2.573E+l 1.383E 0 3.659E 0 5.042E 0 
UROPHYCIS REGIUS 
kli SIA B.£ .QAIE IA2UJJ::Lk.Olli. £RLPH PHL(ll. PRL~U ktl I .. EXT~I. ~k.M...l ~A1H1 .NI~ 
ST Al 04 761114 7925010402 2.04E 2 4.49E-l 1.33E 1 1.421E 0 5.579E+O 3 .. 396E 0 l.009E 0 4.405E 0 
8T A1 04 770912 7925010402 l.89E 2 6.67E-l 6.50E 1 l.641E 0 6.462E+l 5.513E 0 4.349E 0 9.862E 0 
BT Fl 04 770911 7925010402 1.07E 0 1.29E 0 1.84E 0 1.297E 0 5.361E+l 3.042E 0 8.863E 0 l.l90E l 
....... 
~ 
I PHYC IS CHESTER I co 
w C..B. SIA E.£ ill!. I.E IAK.OJ~LJ~U DE £RL£ti PHL_kll. £B.Lkll k£1 L.f.~lL!il. G.hM...l ~~ IQ.h~ 
6T J 1 04 770322 7925010701 3.66E 2 4 .. 52E-l 9 .. 46E 1 1 ... 164E 0 1.787E+l 1.717E 0 2 .. 506E 0 4 .. 223E 0 
7T J 1 04 770518 7925010701 1.73E 3 9.34E-l 1.29E 3 3.187E 0 1.531E+2 3 .. 128E 1 3.442E 1 6.,570E 1 
8T Jl 04 770912 7925010701 6.20E 2 7 .. 52E-l 3.23E 2 1 .. 943E 0 3 .. 067E+l 5.954E 0 2 .. 587E 0 8 .. 541E 0 
MERLUCCIUS BILINEARIS 
k.B. .SIA Jl~ l2AI:E. IA~.Q.tLG.ilQ:E. £BL£!:i £.!:iL~l.l1 PRL(ll k£1 L.E.ULKI. £i~Al..l. .GbARU I.QL_g_ 
ST Bl 03 761115 7925020101 5.49E 1 5.56E-l 1.61E 1 l.316E 0 2.805E+O 4.378E 0 2.743E 0 7.121E 0 
5T N3 03 761109 7925020101 2 .. 09f: l 3.32E-l 8.48E 0 8.934E-l 3 .. 734E+O 3.336E-l 1.880E-l 5.216E-l 
6T A1 04 770323 7925020101 6 .. 94E 1 6 .. 03E-l 2 .. 29E 1 l.454E 0 2.260E+l 8.,652E-l 5.851E 0 6 .. 716E 0 
MERLUCCIUS ALBIDUS 
kB. STA B.£ DAif. I.M..illLk:QUf £RL£1:i £1iKla PRtkll !:£1 IaE.~.LJH. !Z_,._Ak~ !ZC..&Al:iU NL.~ 
5T J 1 05 761114 7925020102 2.68E 2 8.75E-l 1.32E 2 9.798E-1 5.528E+l 2.428E 0 4.000E 0 6.428E 0 
7T Jl 03 770518 7925020102 5.77E 2 B.83E-l 2.83E 2 2.626E 0 1.627E+l 3.968E 0 4.325E 0 8.293E 0 
8T Jl 03 770912 7925020102 l .. 07E 3 6.69E-l 1.97E 2 4.483E 0 2.193E+l 5.038E 0 7.431E-1 5.781E 0 
LEPOPHIDIUM CERVINUM 
kB. SIA R£ MI£ LAX.OtL~ll£ PRLW PHL..C.ui £RLkl.l ktl I.a.EJIT ... H!. 1i~aA1..1 .GLr.A.!Hl ICH.~ 
Table 14-10. (concluded) 
ffi SIA ll£ .QAIJ; IAXJJtL~Illii: PRL£t! !:.tlL~.l§ £B.LC.li C.£1 I;l!.UisJll !Z~.s-AU !i~ ... A~D IQI~C.. 
51 A1 03 761114 7925030501 2.07E 1 3.04E-1 5.27E 0 1.384E 0 6.424E+O 7.388E-l 2.240E 0 2.979E 0 
COELORHYNCHUS CARIBBAEUS CARMINATUS 
~R S.IA RP DAI.E. IA2Hlt~L~QJ2.E. PRL£.tl 2-tiLk..lli PR/~11 .C£..1 I .. E.XTL!IT !ZC..a.All !Z~.a.A!lll IQI..&JZ~ 
5T Jl 02 761114 7925040603 3.90E 1 6.05E-1 3.90E 0 1.550E 0 7.262E+l 2.371E 0 9.650E l 9 .. 88 7E 1 
STENOTOMUS CHRYSOPS 
~B. SIA B.£ QlU.E. I.AX!J.f:LC.Ql2.E. £.RL£t! £.HL~l1i fRLJ;.l.l c_.el l.a.EXLJ!I. lihAL.~ !ZC..a.A&:U !.UL.~ 
5T Fl 04 761113 7938150101 2.62E 1 7.03E-l l.ZZE 1 l.OZOE 0 1.188E+l 7.691E-l 3.969E 0 4.738E 0 
5T N3 04 761109 7938150101 6.69E 0 5.09E-l 2.79E 0 1.248E 0 1.036E+l l.l84E 0 3.075E 0 4.259E 0 
AMMOOYT ES Afv1 ER ICANU S 
Qi .~IA &£ QaTE IA XD!:.L.COD.E. £.BLPH £1:i&l§ PRLU.I [£.1 I.a..EX.l.a.Hl li!;.a.A!..l !ik.a.A.RU I.Q.hG.C. 
..... 8T CZ 01 770907 7948010102 5.n4E 2 5.68E-l 1.47E 2 1.442E 0 1.218E+2 6.94lE 0 1.871E 1 2.565E 1 ~ 
I 
CP 
~ CITHARICHTHYS ARCTIFRCNS 
C.& .SIA RP D. AI .E. IAXQbLC.QQ..E. £.EL£tl £J:iLkJJi f:BLC.l1. C.£.1 L~EXLdii !i~8.1..l {ik£-APill IQ.I&k 
7T F1 04 770518 7958010601 1.04E 2 5.40£-l 7.38E 1 1.136E 0 2.034E+2 5.256E 0 2.471E 0 7.727E 0 
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Figure 14-51. Benthic fauna, Placopecten magellanicus, hexane fraction, Cruise OST, Station El. 
Labeled peaks are a) 2-methyloctadecane (spike), b) 3-methyloctadecane (spike), 
c) from septum, d) nc32 (spike). Numbered peaks are n-paraffins. 
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Figure 14-52. Benthic fauna, Placopecten magellanicus, benzene fraction, Cruise 08T, Station El. 
Labeled peaks are a) nc13 (spike), b) nc14 (spike), c) hexamethylbenzene (spike), d) nC 15 (spike), e-1) cycloalkenes, m) o efin, n) sterene, o) benzo(a)pyrene, p) ch6lestadiene, q) polycycloalkene, r) triterpene, s) nc32 (spike). 
Table 14-11. Summary of Sediment Hydrocarbon Content. 
kB. .SIA .B..f l2ALE £EL£tl f!:l.LU.a £.8L~l1. ~~ I ... .E~IJLlil !iC..aA.L~ ~A!Rll Ifll.a.GC. 
58 A1 01 761115 1 .. 4 7E 0 4.38E-l 5 .. 23E-1 1.594E 0 1.561E-2 2.508E-1 2 .. 093E-l 4 .. 60lE-l 
58 Al 02 761115 l.95E 0 4.82E-1 5.37E-1 1.654E 0 6.206E-3 9.523E-2 9.626E-2 1.915E-l 
58 Al 03 761115 2.27E 0 5.84E-1 4.05E-l 1.828E 0 1.657E-2 2.399E-l 1.867E-l 4.266E-l 
SB Al 04 761115 1.99E 0 3.21E-l 4.88E-l 1.925E 0 1.326E-2 l.829E-l 2.668E-l 4.497E-1 
58 Al 05 761115 1.81E 0 4.54E-l 5.42E-l 2.012E 0 l.049E-2 l.329E-l 7.798E-2 2.109E-l 
58 Al 06 761115 l.97E 0 3.99E-1 4.87E-l 2.293E 0 2.264E-2 l.952E-l l.606E-l 3.558E-l 
58 A3 01 761116 L.51E 0 3.08E-l 3 .. 39E-l 2.560E 0 2.195E-2 3.078E-l 2 .. 821E-l 5.899E-l 
58 A3 02 761116 1.72f 0 2.41E-l 3 .. 57E-l l.945f 0 1.696E-2 1.782E-l l.744E-l 3.526E-l 
5B A3 03 761116 9 .. 79E-l 3.21E-1 2 ... 62E-1 1 .. 929E 0 3.455E-2 3.174E-1 2 .. 277E-l 5.451E-1 
58 A3 04 761116 l.05E 0 3.18E-l 3.18E-l l.941E 0 1.733E-2 2.858E-l 2.003E-l 4.861E-l 
5B A3 05 761116 l.75E 0 3.03E-l 4.30E-l 1.867E 0 l.480f-2 3.308E-l 1.516E-l 4.824E-l 
58 A3 06 761116 1.53E 0 3.08E-l 3.3BE-l 2.564E 0 8.062E-3 4.947E-2 l.BIBE-1 2.313E-l 
58 B l 01 761113 L.65E 0 3. 19E-l 3.,39E-l 2.351E 0 8.614E-3 1.272E-l 8 .. 230E-2 2.095E-l 
5B Bl 02 761113 8.61E-l 3.37E-l 2.78E-l 1.786E 0 S.llOE-3 3.432E-2 l.l35E-l 1.47BE-l 
~ 5B B1 03 761113 1.9BE 0 2 .. 82E-l 3 .. l9E-l 1.,697E 0 7.885E-3 2.944E-2 l.027E-l 1 .. 321E-l 
I 5B Bl 04 761113 l .. 99E 0 3.38E-l 4.99E-l 2.505E 0 2.692E-2 2.121E-l 1.604E-l 3.725E-l 00 
" 58 81 05 761113 2.24E 0 2.93E-l 4.09E-l 1.549E 0 l.077E-2 6.474E-2 l.Ol9E-l 1.666E-l 
5B 81 06 761113 2.01E 0 2.42E-l 3.10E-1 1.718E 0 9.634E-3 5.201E-2 5.492E-2 1.069E-l 
58 83 01 761114 1 .. 48E 0 4.83E-1 5 .. 53E-l 2 .. 492E 0 2.203E-2 3 .. 290E-l 7 .. 361E-2 4.026E-l 
58 83 02 771114 1.67E 0 2.84E-l 2.67E-l 2.645E 0 1 .. 416E-2 l.069E-l 6.778E-2 l.747E-l 
5B B3 03 761114 2.21E 0 3.50E-l 5.56E-l 2.542E 0 2.043E-2 1.571E-l 6.116E-2 2.183E-l 
5B 83 04 761114 1.41E 0 3.60E-l 4.5ZE-1 2.166E 0 2.737E-2 9.647E-2 1.283E-l 2.24BE-l 
58 B3 05 761114 2.13E 0 4.02E-l 5.32E-l 2.491E 0 3.228E-2 3.391E-l 2.196E-l 5.587E-l 
SB B3 06 761114 l .. 02E 0 4 .. 59E-l 4 .. 19E-l l .. 903E 0 7.526E-3 8 .. 604E-2 7 .. 423E-2 l.603E-l 
58 Cl 01 761106 1 .. 38E 0 1.22E-1 8.98E-1 L.848E 0 6 .. 445E-4 l.303E-3 L.743E-2 l.873E-2 
58 C2 01 761107 l .. 65E 0 5 .. 50f-l 9 ... 75f-1 1.158E 0 L.l36E-3 l .. 487E-2 5 .. 9llE-3 2.078E-2 
58 C2 02 761107 3 .. 63E 0 4 .. 96E-l 8 .. 92E-l 2.331E 0 1.100E-2 2.l87E-2 2 .. 245E-2 4 .. 432E-2 
5B C2 03 761107 5.C3E 0 5.69E-1 1~25E 0 1.488E 0 3.838E-3 3.393E-2 5.339E-2 8.732E-2 
58 C2 04 761107 4.76E 0 4.34E-l 8.77E-1 2.288E 0 6.450E-3 8.536E-3 1.864E-2 2.718E-2 
58 C2 05 761107 5.12E 0 4.17E-l t.75E 0 2.734E 0 8.500E-4 8.449E-3 2.045E-2 2.890E-2 
58 C2 06 761107 2.14E 0 4.44E-l 8.87E-l L.746E 0 1 .. 737E-3 3.450E-3 5.326E-3 B .. 776E-3 
58 01 01 761107 3.52E l 2.7BE-l 9.28E-l 1.398E 0 3.304E-3 5.589F-3 1.372E-2 l.931E-2 
5B 01 02 761107 4.13E 0 2.14E-1 6.22E-1 2.192E 0 3.930E-3 l.053E-2 6.500E-2 7.553E-2 
58 01 03 771107 2.41E 0 3.34E-l 5.05E-l 2.351E 0 3.829E-3 1.046E-2 1.715E-2 2.761E-2 
5B Dl 04 761107 4.07E 0 2.78E-1 6.33E-1 1.756E 0 4.218E-3 l.302E-2 l.922E-2 3.224E-2 
Table 14-11. (continued) 
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5B Dl 05 761107 L.60E 0 3 .. 39E-1 5 .. 91E-l 1.060E 0 4.797E-3 2 .. 743E-2 9.600E-3 3.703E-2 
5B 01 06 761107 3.24E 0 3.09E-1 6.,09F-l 1.913E 0 1.567E-3 8.873E-3 6.086E-3 1 .. 496E-2 
5B E1 01 761109 l.BOE 0 S.lOE-1 5.67E-l l .. 659E 0 1..024E-3 2.233E-3 2.023E-3 4.256E-3 
58 E1 02 761109 2 .. 53E 0 4 .. 45E-1 9.,52E-l 1.983E 0 1.753E-3 7.835E-3 1.064E-l l.l42E-l 
5B El 03 761107 4.30E 0 3.41E-l 1.31E 0 l.756E 0 1.257E-3 3.035E-3 4.985E-3 8.020E-3 
5B El 04 761109 1.91E 0 4.,47E-l 8.05E-l 2.558E 0 2.110E-3 4.753E-3 5.598E-3 1.035E-2 
5B El 05 761109 2.16E 0 3.37E-1 6.32E-l 1.409E 0 6.489E-4 3.814E-3 4.877E-3 8.691E-3 
5B El 06 761109 3.35E 0 5.01E-l L.lSE 0 1.709E 0 1.163E-3 1.931£-3 3 .. 538£-3 5 .. 469E-3 
5B E3. 01 761107 4.10E 1 3.35E-l 5 .. 91E 0 2.670E 0 2.149E-3 1 .. 657E-2 9.460E-3 2.603E-2 
5B E3 02 761107 l.37E 2 3.31E-1 3.98E 1 1.718E 0 1.856E-3 1.093E-2 6.379E-3 l.731E-2 
5B E3 03 761107 3 .. 99E 1 2 .. 54E-l 8.39E 0 3 .. 290E 0 L471E-3 7.768E-3 8 .. 114E-3 1 .. 588E-2 
5B E3 04 761107 1 .. 36E 2 2.34E-1 2.31E 1 L955E 0 L.233E-3 1 .. 160E-2 2 .. 970E-3 l.457E-2 
5B E3 05 761107 9.52E-l 3.96E-l 3.64E 0 7.838E-l l.059E-3 6.809E-3 2.280E-3 9.089E-3 
~ 58 E3 06 761107 5.15E 1 2.51E-1 l.52E 1 1.695E 0 l.212E-3 6.377E-3 3.453E-3 9.830E-3 
I 5B Fl 01 761112 2.78E 0 3 .. 09E-l 4 .. 32E-l 2 .. 420E 0 2.177E-3 l.647E-2 2.211E-2 3 .. 858E-2 00 
00 SB Fl 02 761112 1 .. 79E 0 3 ... 86E-1 2.52E-l 2 .. 528E 0 2 .. 337E-3 8 .. 237E-3 2 .. 990E-3 L.l23E-2 
5B Fl 0.3 751112 9.11E-l 5.2BE-1 4.72E-1 2.903E 0 3.001E-3 1.598E-2 1.982E-2 3.580E-2 
5B Fl 04 761112 l .. 64E C 5.06E-1 7 .. 18E-l 2.671E 0 4.037E-3 1.147E-2 2.721E-2 3.868E-2 
5B Fl 05 761112 L.87E 0 3 .. 61E-l 5 .. 16E-1 2 .. 692f 0 2.525E-3 1 .. 944E-2 2 .. 341E-2 4 .. 285E-2 
5B Fl 06 761112 3.28E 0 2.90E-l 4.62F-l 2.371E 0 3 .. 513E-3 2.546E-2 1.436E-2 3.982E-2 
58 F3 01 761112 5.08E 0 1.84E-1 6.04E-l 2.519E 0 4.297E-3 1.947E-2 3.,350E-2 5.297E-2 
')B F3 02 76lll2 2 .. 24E 0 2. 69E-l 5. 5 7E-1 2 .. 523E 0 3 .421E-3 L. 635E-2 3 .. 061E-2 4 .. 696E-2 
5B f3 03 761112 L.58E 0 2 .. 19E-l 2.77E-l 2 .. 405E 0 3 .. 00U:-3 4.481E-2 5.,295E-2 9 .. 776E-2 
5B F3 04 771112 3.94E 0 2.54E-l 1.4lf-l 2.861E 0 6.737£-3 3.300E-2 5.507E-2 8.807E-2 
5!3 F3 05 761112 4 .. 39E 0 L.73E-l 3.18E-l 2 .. 681E 0 8.619E-3 4.691E-2 6 .. 865E-2 1 .. 156E-l 
SB F3 06 761112 2.19E 0 2.71E-l 8.56E-l 2.638E J 6.401E-3 2.412E-2 6.420E-2 8.832E-2 
6B G2 01 770214 6.65E 0 5.45E-l 1.65E 0 3.392E 0 7.101E-3 6.686E-2 l.662E-2 8.348E-2 
6B G2 02 770214 1.82E 0 4.66E-1 4.15E-l 3.198E 0 7.101E-3 7.786E-2 8.224E-2 1.601E-l 
6B G2 03 770214 l.83E 0 3.63E-l 3 .. 28E-l 3.589E 0 l.098E-2 1.646E-l 1.938E-2 1.840£-l 
6B G2 04 770214 l .. 58E 0 4 .. 92E-1 3.92E-l 3.476E 0 7.993E-3 1.586E-l 6.552E-3 1.652E-l 
6B G2 05 770214 1.97E 0 4.31E-1 8.43E-l 2.8llE 0 5.547E-3 2.902E-2 7.468E-2 1.037E-l 
6B G2 06 770214 3.17E 0 4.85E-1 1.06E 0 3.136E 0 6.148E-3 2.086E-2 4.824E-2 6.910E-2 
6B G4 01 770308 4.10E 0 3.87E-l 7.22E-l 2.043E 0 2.010E-3 6.742E-3 4.390E-3 l.ll3E-2 
68 G4 02 770308 2 .. 10E 0 4.01E-l 4 .. 17E-l 2 .. 373E 0 2 .. 651E-3 8 .. 180E-3 1..324E-2 2.142E-2 
Table 14-11. (continued) 
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6B G4 03 770308 2.88E 0 3.37E-l S.OOE-1 1.766E 0 1.626E-3 4.539E-3 5.317E-3 9.856E-3 
68 G4 04 770308 4 .. 38E 0 3 .. 35E-l 7 .. 63E-l l .• 946E 0 3 .. 361E-3 L.705E-2 9 .. 257E-3 2 .. 631E-2 
68 G4 05 770308 1 .. 82E 0 5.14E-l 6.,08E-l 1..868E 0 2 .. 336E-3 6,.747E-3 1 .. 578E-2 2 .. 253E-2 
6B G4 06 770308 l.40E 0 4 .. 6lf-l 6 .. 32F.-l 2 ... 375E 0 2.057E-3 1 .. 997E-2 1.026E-2 3.023E-2 
68 G6 01 770309 l .. 56E 0 5 .. 76E-l 5 .. 74E-l 2 .. 747E 0 3 .. 163E-2 2 .. 247E-l 1 .. 528E-l 3 .. 775E-l 
6B G6 02 770309 2.C6E 0 S.OlE-1 5.65E-l 2.697E 0 1 .. 824E-2 4.907E-2 7.340E-2 1.225E-l 
68 G6 03 770309 1.58E 0 3.94E-l 5.75E-l 2.821E 0 1.264E-2 5.512E-2 3.,316E-2 8 .. 828E-2 
6B G6 04 770309 l .. 62E 0 5 .. 35E-l 5 .. 21E-l 2.451E 0 3 .. 275E-2 1.138E-l l .. 065E-l 2 .. 203E-1 
6B G6 05 770309 1.88E 0 4.60E-1 4.74E-l 2.330E 0 3.127E-2 6.233E-l 7.852E-2 7.018E-l 
68 G6 06 770309 2 .. 19E 0 4 .. 53E-l S .. SlE-1 2 .. 406E 0 5 .. 910E-3 2 .. 340E-2 1.531E-l 1 .. 765E-l 
68 Hl 01 770309 1 .. 76E 0 3 .. 09t-l 5 .. 22E-l 2 .. 369E 0 3 .. 840E-3 l .. 413E-2 3,.463E-2 4 .. 876E-2 
6B Hl 02 770309 2.31E 0 3.14E-l 5.41E-l l.672E 0 1.706E-3 9.,995E-3 1.095E-2 2.094E-2 
68 Hl 03 770309 3.18E 0 2.59f-l 6.37E-1 2.386E 0 6.729E-3 2.555E-2 3.867E-2 6.422E-2 
~ 68 Hl 04 770309 4 .. 47E 0 L.86E-l 5.78E-l 2.831E 0 3 .. 144E-2 1.532E-l 3 ... 906E-2 L.923E-l 
Jo 6B Hl 05 770309 l-.35E 0 4.45f-l 6.,18E-l 2 .. 212E 0 2.425E-2 1.620E-l 5 .. 753E-2 2 ... 195E-l 
"' 68 H 1 06 770309 2.62E 0 2.46E-l 5.54E-l 2.041E 0 1.283E-2 8.070E-2 5.319E-2 1.339E-l 
68 I 2 02 770310 1~49E 0 6.50E-l 5.80E-l l.662E 0 l .. OlOE-2 6.943E-2 6.189E-2 1.313E-l 
68 12 03 770310 L.l6E 0 6.,61E-l 7.67E-l 1 .. 901E 0 1 .. 508E-3 9 .. 504E-3 2 .. 434E-3 l .. l94E-2 
6B I2 04 770310 2.81E 0 5.63E-l l.l6E 0 1.717E 0 9.695E-3 2.020E-2 1.383E-2 3.403E-2 
68 I 2 05 770213 l.75E 0 6.48E-l l.02E 0 l.678E 0 7.369E-3 4.329E-2 2.627E-2 6.956E-2 
68 12 06 770213 2.81E 0 5.07E-l 7.72E-l 1.916E 0 9.898E-3 3.216E-2 1.902E-2 5.ll8E-2 
tiB 14 01 770310 3.37E 0 2.63E-l 5.,83E-l 2.740E 0 8.750E-2 6.328E-l 4.101E-l l.043E 0 
68 14 02 770310 3 .. 81E 0 2 .. 48E-1 4 .. 71E-l 2.686E 0 3 .. 883E-2 2.198E-l 1 .. 575E-l 3 .. 773E-l 
68 I4 03 770310 3 .. 07E 0 2.47E-l 5 .. 56E-l 2 .. 703£ 0 1..240E-l 7.846·E-l 2 .. 723E-l 1 .. 057E 0 
6B 14 04 770310 3.00E 0 2 .. 60E-1 4 .. 58E-l 3 .. 130E 0 4 .. 787E-2 9 .. 039E-l 3 .. 430E-l 1 .. 247E 0 
68 I4 05 770310 3.34E 0 l.94E-l 4.65E-l 2 .. 620E 0 l .. 154E-l 1.292E 0 6.626E-l l.955E 0 
6B I4 06 770310 3.10E 0 2.79£-l 6.81E-l 2.709E 0 1.719E-l 1.109E 0 4.872E-l 1.596£ 0 
6B K2 01 770216 l .. SSE 0 3.86E-l 7 .. 68E-l 1.638E 0 4.295E-3 2 .. 060E-2 1..097E~2 3 .. 157E-2 
6B K2 02 770216 3.34E 0 5 .. 42E-l l.09E 0 2 .. 847E 0 1.671E-.2 7 .. 505E-2 5 .. 051E-2 1 .. 256E-l 
68 K2 03 7702l6 1 .. 6.3E 0 2 .. 53E-1 6 .. 73E-l l .. 834E 0 7 .. 732E-3 l.OllE-1 2 .. 353E-2 1.246E-l 
68 K2 04 770216 1.86E 0 4 .. 49E-l 7.21E-l 1.754E 0 8.704E-3 l.!03E-l 3.773E-2 1.480E-l 
6B K2 cs 770216 3.01E 0 5.,06E-l 7.77E-l 2.155E 0 1.698E-2 4.402E-2 l.l64E-2 5.566E-2 
68 K2 06 770216 2.88E 0 3.32E-l 8.80E-l 1.780E 0 5.174E-3 4.746E-3 3.67BE-3 8.424E-3 
68 K5 02 770216 1.73E 0 3.50E-l 3.86E-l 2.128£ 0 8.197E-3 6.337E-2 9.255E-2 1 .. 559E-l 
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68 KS 03 770216 1.75E 0 3 .. 90E-l 5 .. 38E-l 2 .. 304E 0 4.449E-2 6.049E-l l.OIBE-1 7 .. 067E-l 
68 K5 04 770216 1.95E 0 2.63E-l 5.09E-l 2.414E 0 l.lBZE-2 1.445E-l 7.307E-2 Z.l76E-l 
68 K5 05 770216 1.90E 0 3.64E-l 3.75E-l 1.762E 0 3.230E-2 4 .. 244E-l 4 .. 355E-2 4 .. 679E-l 
68 K5 06 770216 2.66E 0 3.52E-l 6.28E-l Z.480E 0 2.874E-2 2.078E-l S.OllE-2 2 .. 579E-l 
68 l2 02 770217 3.95E 0 4.81E-l 7.54E-l 1.990E 0 1.260E-2 3.284E-2 2.866E-2 6.150E-2 
68 l2 03 110211 .3 .. 93E 0 3 .. 68E-l 7.0ZE-l 2.421E 0 1.706E-2 l.097E-l 6.,535E-2 1 .. 750E-l 
68 LZ 04 770217 4.59E 0 3 .. 35E-l 7 .. 64E-l 2 .. 136E 0 8 .. 422E-2 1.825E-l 7.446E-2 2 .. 570E-l 
68 L2 05 770217 2.S2E 0 5.07F-l B.39E-l 2.105E 0 1.521E-2 7.443E-2 5.683E-2 1.313E-l 
68 L2 06 770217 4.COE 0 4 .. 51E-l 9 .. 92E-l 2.931E 0 3 .. 534E-2 l.,l31E-l 4 ... 454E-2 1 .. 576E-l 
68 L5 02 770216 1.96E 0 2.81E-1 5.38E-l 1.982f 0 2.029E-2 2.702E-l l .. ll3E-l 3.815E-l 
68 l5 03 770216 2 .. 35E 0 2 .. 68E-l 5.43E-l 2.00.3E 0 3.380E-2 6.163E-l 2.091E-l 8.254E-l 
68 L5 04 770216 1,.88E 0 3.78E-1. 5.52E-l 1.579E 0 3.023f-2 3 .. 946E-l 5 .. 402E-2 4.486E-l 
6B l5 05 770216 2 .. 26E 0 2.44E-l 5.10E-l 1.912E 0 6.273E-2 1.401E 0 2.557E-l 1.657E 0 
I-' 68 L5 06 770216 2.31E 0 2.63f-l 5.52E-l 2.005E 0 6.004£-2 1.529E 0 2.896£-1 1.819E 0 ~ 
I 7B A2 01 770602 4.C2E 0 2.53f-l 6.,36E-l 2.546E 0 9.466E-3 4.245E-2 6.564E-2 l.OBlE-1 \0 
0 78 A2 02 770602 3.00E 0 2.45f-l 6.33E-l 2.161E 0 4.218E-2 3.115E-l l.232E-l 4.347E-l 
7B A2 04 770602 5 .. 3BE 0 2 .. 65E-1 9 .. 19E-l 1 .. 828E 0 1 .. 223E-2 3.889E-2 3 .. 341E-2 7 .. 230E-2 
78 A2 05 770602 2.85E 0 2.21E-l 5.74E-l 1.853E 0 1.584E-2 1.232E-l 4.660E-2 1.69BE-l 
78 A2 06 770602 2 .. 87E 0 2.45E-l 5 .. 18E-l 2.258E 0 l .. 245E-2 2 .. 368E-2 3 .. 078E-3 2 .. 676E-2 
78 A4 01 770602 2.09E 0 2.88E-l 5.20E-l 1.668E 0 2.025E-2 1.,697E-l 5.296E-2 2.227E-l 
78 A4 02 770602 3.37E 0 3.01E-l 1.37E-l 1.821E 0 3.866E-2 1.824E-l 5.917E-2 2.416E-l 
78 A4 03 770602 3 .. 14E 0 2.87E-l 7 .. 62E-l 2 .. 029E 0 Z.606E-2 2,.194£-1 4.739E-2 2.668E-l 
78 A4 04 770602 3 .. 04E 0 3 .. 20E-l 8 .. 60£-l 2 .. 049E 0 4.278E-2 1 .. 338E-l 5 .. 182E-2 l.856E-l 
78 A4 05 770604 2 .. 06E 0 3.77E-l 6.,63E-l 1 .. 984E 0 3 .. 052E-2 1 .. 938E-l 2.190E-l 4.128E-l 
78 A4 06 770602 2.85E 0 3 .. llE-l 5 .. 98E-l 1 .. 885E 0 1 .. 253E-2 1 .. 291E-l 8.,.308E-2 2 .. 122E-l 
78 82 01 770603 3.52E 0 4.80E-l l.08E 0 2.ll6E 0 l.026E-2 9.702E-3 6.616E-3 l.632E-2 
78 B2 02 770603 1 .. 70E 1 4.81£-1 3 .. 79E 0 1..441E 0 2 .. 319E-3 5.,828E-3 6.,l61E-3 1.199E-2 
78 82 03 770603 7.94E 0 2 .. 50E-l 1.31E 0 2 .. 343E 0 3.786E-3 6 .. 580E-3 3 .. 742E-3 l.032E-2 
7B 82 04 770603 3.48E 0 4.73E-1 l.06E 0 1.282E 0 3.734E-3 3.554E-l 8.109E-3 3.635E-l 
78 82 05 770603 6 .. 68E 0 3.54E-l 1 .. 42E 0 1.480E 0 2.140E-3 6.354E-3 2.198E-3 8.552E-3 
18 B2 06 770603 3 .. 33E 0 2.29E-l 7.42F-l 1 .. 999E 0 2.863E-3 1..345E-2 6 .. 134E-3 1.958E-2 
7B 84 02 770603 2 .. 66E 0 4.47E-l 8 .. 67E-l 1.88lE 0 9.441E-3 1 .. 742E-2 l .. l79E-2 2.92lE-2 
78 84 03 770603 2.01E 0 3.52E-l 7.99E-l 1.857E 0 4.104E-3 l.lBlE-2 6.276E-4 1~244E-2 
78 84 04 770603 1 .. 88E 0 3 .. 74E-l 6.,39E-l l .. 082E 0 2_,370E-3 2 .. 242E-2 3.514E-3 2.593E-2 
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7B B4 05 770603 1.24E 0 4.01E-l 5.28E-l 1.035E 0 4.464E-3 3.172E-2 5.357E-3 3.708E-2 
7B B4 06 770603 2 .. 17E 0 6,.44E-2 2.29E-l 5. 729E-l 3.134E-3 2.127E-2 2.854E-3 2.4l2E-2 
7B C4 01 770530 2.57E 0 8.30E-l 9.60E-l 2.839E 0 5.300E-2 3.593E-l 3.754E-l 7.347E-l 
7B C4 02 770530 L.11E 0 2.59E-l 3.73F-1 2 .. 442E 0 9.459F-2 9.994E-l 1 .. 559E 0 2 .. 558E 0 
7B C4 03 770530 2.36E 0 6.92E-l 6.35E-l 2.548E 0 1.878E-l 7.040E-l 3.070E-l l.OllE 0 
7B C4 04 770530 2.49E 0 7.35E-l 7.60E-l 2.399E 0 1.792E-l 2.082E 0 2.593E 0 4.675E 0 
7B C4 05 770530 2.05E 0 7 .. 26E-1 7 .. 79E-l 3.051E 0 2.055E-l 1.317E 0 ,l.l70E 0 2 .. 487E 0 
7B C4 06 770530 3.89E 0 3.20E-l 6.62E-l 1 .. 980E 0 2.048E-l 7.834E-l 7.898E-l l.573E 0 
1B 04 01 770531 1 .. 70E 0 2.18E-l 3.86E-l 2.437E 0 1.423E-2 l.750E-l 4.841E-2 2 .. 234E-l 
7B 04 02 770531 2.54E 0 l.45E-l 3.59E-l l.793E 0 3.783E-2 2.016E-l 2.061E-l 4.077E-l 
7B 04 03 770531 2.26E 0 2.63E-l 5.00E-l 3.084E 0 4.533E-2 1.234E-l 1.888E-l 3.122E-l 
7B 04 04 770531 3.13E 0 2.45E-l 5.26E-1 2 .. 546E 0 3.991E-2 2 .. 201E-l 1 .. 143E-l 3 .. 344E-l 
,_. 7B 04 05 770531 3.81E 0 2.90E-l 7.39E-l 2.347E 0 4.224E-2 1.632E-l 1.889E-l 3.521E-l 
f 7B 04 06 770531 4.70E 0 2.50E-l 8.33E-l 3.,294E 0 3.144E-2 l.634E-l 1.771E-l 3.405E-l 
~ 7B E2 01 770601 5 .. 91E 0 3 ... 71E-l 1 .. 34E 0 2 ... 509E 0 l..898E-2 6.255E-2 7.,408E-2 1 .. 366E-l 
7B E2 02 770601 S.lOE 0 3.28E-l 1.05E 0 2.257E 0 3 .. 037E-2 1.756E-l 8.029E-2 2.559E-1 
78 E2 03 770601 7.81E 0 4 ... 08E-l 1.22E 0 2.272E 0 2.642E-2 7.822E-2 5 .. 522E-2 l .. 334E-l 
78 E2 04 770601 7.66E 0 3.03E-l 9.07E-l 2.373E 0 5.276E-2 l.384E-l l.OBOE-1 2.464E-l 
7B E2 05 770601 3 .. 11E 0 3.95E-l 9.82E-l 2 .. 229E 0 2 .. 831E-2 9.334E-2 4 .. 878E-2 L.421E-l 
7B E2 06 770601 2 .. 91E 0 4 .. 13E-l 9.,60E-l 2.866E 0 l .. l70E-2 6 .. 140E-2 2 .. 130E-2 8 .. 270E-2 
78 E4 01 770601 4.l6E-O 2.90E-l 6.72E-l 2.731E 0 9.,305E-3 2.411E-2 8.225E-3 3 .. 233E-2 
7B E4 02 770601 3.08E 0 3.68E-l 8.77E-l 2.213E 0 6.717E-3 l.597E-2 2.082E-2 3.679E-2 
7B E4 03 770601 3 .. 44E 0 3.13E-l 6 .. 76E-l 2.217E 0 L .. 229E-2 5 .. 007E-2 l ... 075E-2 6 .. 082E-2 
78 E4 04 770601 3.,21E 0 3.48E-1 9.39E-l 2.889E 0 6 .. 888E-3 2.518E-2 6 .. 935E-3 3.211E-2 
713 E4 05 770601 5.17E 0 3.33E-l 8.30E-l 2~062E 0 2.111E-2 2.516E-2 1.668E-2 4.184E-2 
7B E4 06 770601 5.12E 0 2.7BE-l 8.96E-l 2.260E 0 2.428E-2 4 .. 994E-2 1.644E-2 6.,638E-2 
7B F2 01 770601 5 .. 56E 0 4 .. 16E-l 1.41E 0 2.186E 0 3 .. 458E-2 1 .. 590E-l 7.,458E-2 2 .. 336E-l 
78 f2 02 770601 1 .. 20E 1 4.90E-l 2 .. 27E 0 1.959E 0 4.003E-2 7.833E-2 9.687E-2 1.752E-l 
7B F2 03 770601 7.70E 0 5.65E-l 1.93E 0 2.403E 0 3.667E-2 7.192E-2 6.554E-2 1.375E-l 
7B F2 04 770601 5.32E 0 2.67£-1 9.52E-l 2.491E 0 2.370E-2 5.166E-2 6.255E-2 1.142E-l 
78 f2 05 770601 5 .. 05E 0 5.51E-l 2 .. 13E 0 2 .. 588E 0 l.B40E-2 3.394E-2 1.958E-2 5.352f.-2 
7B F2 06 770601 7.83E 0 3 .. 12E-l 1 .. 73E 0 2 .. 712E 0 3.720E-2 9.671E-2 4.873E-2 L.454E-l 
78 f4 01 770601 4.03E 0 3.94E-l 9.09E-l 2.165E 0 5.430E-2 5.935E-2 2.662E-2 8.597E-2 
78 F4 02 770601 7.19E 0 3 .. 62E-l l .. SOE 0 2.288E 0 3.009E-2 5.477E-2 1 .. 9BOE-2 7.457E-2 
Table 14-11. (continued) 
C.B .£I~ B£ J:lAif eBLE.tl RtiL£1.& -£.B~U ~£l. .IA..EU.1ii.l {ibAU !ibA.!lii TOL.~ 
78 F4 03 770601 4.46E 0 3.49E-l 8.77E-l 2 .. 118E 0 2.075E-2 3 .. 790E-"2 3.224E-2 7.014E-2 
78 f4 04 .. 0601 3 .. 33E 0 4.43E-1 9.65 E-1 1.531E 0 3.262E-3 4.889E-2 5.311E-2 1.020E-l 
78 f4 05 770601 3.77E 0 3.38E-1 9.87E-l 1.494E 0 1.951E-2 3.219E-2 1.188E-2 4.407E-2 
7B F4 06 770601 2.434E 0 4.20E-l 7.28E-l 1.706E 0 3.287E-2 9.917E-2 3.496E-2 1.341E-1 
88 G3 01 770814 8.66E 0 3.29E-l 1.88E 0 2.856E 0 1.413E-2 6.451E-2 3.653E-2 l.OlOE-1 
88 G3 02 770814 . E 
"" 
E 1.21E 0 2.784E 0 3.754E-2 9.114E-2 1.306E-l 2.217E-1 
88 G3 03 770814 3.32E 0 1.97E 0 3.03E 0 2.869E 0 3.536E-2 1.596E-1 2.457E-1 4.053E-l 
88 G3 04 770814 L.37E 1 4.97E-l 3 .. 61E 0 2 .. 518E 0 1 .. 774E-2 7 .. 639E-2 7 .. 253E-2 1.489E-1 
88 G3 05 770814 5 .. 03E 0 l.73E-l 1.03E 0 2.527E 0 4 .. 285E-2 2.074E-1 3.516E-l 5.590E-l 
88 G3 06 770814 3 .. 26E-1 5.03E 0 1 .. 0.3E 0 3.161E 0 3 .. 761E-2 L.Ol3E-1 2.518E-2 1.265E-l 
88 GS 01 770814 1 ... 54E 1 2-.86E-1 3,.27E 0 2.195E 0 3.816E-2 4 .. 221E-2 3.491E-2 7 .. 712E-2 
88 G5 02 770814 9.70E 0 5.08E-l 2.24f 0 2.615E 0 9.726E-2 1.190E-1 2.787E-l 3.977E-1 
88 G5 03 770814 4.61E 0 4.77E-l l.l3E 0 1.883E 0 9.726E-2 3.216E-1 3.494E-l 6.710E-l 
~ 8B G5 04 770814 L.10E l 2 .. 03E-1 l .. l3E 0 2.423E 0 6.,190E-2 6.478E-2 2 .. 355E-l 3.003E-l 
-b 88 G5 05 770814 9.90E 0 S.OOE-1 2.97E 0 1.854E 0 2.776E-2 6.144E-2 8.557E-3 7.000E-2 
N 88 G5 06 770814 2.24E-l 4.46E 0 4.38f-l 2.155E 0 3.936E-2 4.056E-2 7.050E-2 l.lllE-1 
8B H2 01 770808 2.81E 0 1.94E-l 4.71E-l 2.814E 0 l.340E-2 1.874E-1 5 .. 497E-2 2.424E-l 
88 H2 02 770808 1.55E 0 S.OOE-1 7.36E-l 3.106E 0 9.715E-3 4.593E-2 5.549E-2 1.014E-l 
88 H2 03 770808 4.46E 0 l.77E-l 5.33E-l 2.787E 0 3.609E-2 6.435E-l 1.324E-l 7.895E-l 
8B H2 04 110808 2.50E 0 2 .. 82E-l 5 .. 49F-l 2.580E 0 3 .. 128f-2 6.430£-1 1..460E-l 7.890E-1 
BB H2 05 770808 3.62E 2 2.28E-3 5.10E-l 2.850E 0 2.661E-2 2.700E-2 7.029E-2 9.729E-2 
8B HZ 06 770808 2.60E 0 2.98E-1 4.95E-l l.l80E 0 Z.lOSE-2 1.751E-l l.86ZE-l 3.613E-l 
88 I 1 01 770809 Z .. llE 0 7 .. 07E-l l .. OBE 0 2.369E 0 l.555E-2 5.221E-2 L.546E-2 6.767E-2 
88 11 {)2 770809 2.33E 0 6.42E-l 1.05E 0 2.314E 0 2.637E-2 2.541E-l 1.274E-l 3.815E-l 
88 Il 03 770809 4.17E 0 4.78E-l 1.31E 0 2.323E 0 3.354E-2 1.045E-l 1.109E-l 2.154E-l 
88 I 1 04 770809 1.58E 0 7.55E-l 1.04E 0 2.334E 0 3.054E-2 1.299E-l 4.486E-2 1.748E-l 
8B n 05 770809 2 .. 68E 0 7.00E-1 1 .. 36E 0 Z.026E 0 3 .. 037E-2 3.862E-l L.257E-l 5 .. 119E-l 
88 Il Ot 770809 2.04E 0 l.06E 0 1.26E 0 2.201E 0 3.463E-2 2.977E-1 5.090E-2 3.486E-l 
BB 13 01 770809 3.19E 0 2.29E-l 6,.83E-1 1.437E 0 9.431E-3 7.169E-2 4.820E-2 1.199E-l 
88 13 02 770809 l.74E 0 2.37E-l 3.GOE-1 1.670E 0 l.994E-2 3.628E-l 4.990E-2 4.127E-l 
8B 13 03 11 u 2.07E 0 7.29E-l l.l4f 0 1.809E 0 3.835E-2 3.029E-l 5.612E-2 3.590E-1 
88 13 04 770809 4 .. 14E 0 2 .. 59E-l 6.98E-l 1.741E 0 3 .. 143E-2 7.247E-2 6 .. 973E-2 1.422E-1 
88 13 05 770809 5.81E 0 2.23E-l 8.49E-l l.815E 0 2.777E-2 8.202E-2 7.357E-2 1 .. 556E-1 
88 I 3 Ot 770809 2.80E 0 2.72E-l 6.77E-l 1.370E 0 1.176E-2 l.576E-l 3.053E-2 l.881E-l 
Table 14-11. (continued) 
Qi SIA B.£ .DAIE. £BL£tl EtilU4 EBL.Ul k£1 I.lii..E.AL..HI g_.lii..All !Zi;.lii..ABQ IQL.Gt. 
88 J1 01 770809 1.11E 0 3.46E-l 5.09E-l 1.284E 0 7.188E-2 l.093E 0 4.189E-l 1.512E 0 
88 J 1 02 77080~ l.OlE 0 4.63E-1 5.02E-l 1.258E 0 8.223E-2 9.321E-l 9.071E-l 1.839E 0 
88 Jl 03 770809 3 .. 19E 0 5 .. 35E-l 9 .. 16E-1 2.454E 0 9.469E-3 6 .. 000E-2 5.250E-2 1.125E-l 
88 J1 04 770809 L.81E 0 6.,06E-l 1 .. 1.3E C 1.903f-2 3.022E-2 7.215E-2 5.582E-2 l.280E-l 
88 Jl 05 770809 1.57E 0 6.70E-l 7.60E-l 3.013E 0 4.231E-2 1.733E-l l.l75E-l 2.908E-l 
8B J 1 06 770809 2 .. 31E 0 6.77E-l 1.12E 0 2.159E 0 2.941£-2 3.310E-l l..075E-l 4.385E-l 
BB J2 01 770809 4.71E 0 3.11E-l 9.09E-l 2.902E 0 l.631E-l 1.566E 0 l.036E 0 2.602E 0 
8B J2 02 770809 2.3~E 0 4.48E-l 6.31E-l 1.908E 0 1.792E-l 7.789E-l 3.491E-l 1.128E 0 
88 JZ 03 770809 2.12E 0 4.73E-l 7 .. 74E-l 2.465E 0 2.185E-l l.933E 0 1.325E 0 3.258E 0 
88 J2 04 770809 1 .. 37E 0 l.03E 0 7.61E-l 2.642E 0 7.704E-2 2.684E-l 3.632E-l 6.316E-l 
88 J2 05 770809 1.88E 0 7.72E-l 9.05E-l 2.475E 0 1.469E-l 5.184E-l 5.459E-l 1.064E 0 
8B JZ 06 770809 2.80E 0 3.06E-l 5.36E-l 2.962E 0 2.258E-l 2.584E 0 6.531E-l 3.237E 0 
88 K6 Ol 770815 2.53E 0 5.84E-l 6.57E-l 1.703f 0 4.578E-2 2.731E-l 4.561E-l 7.292E-l 
...... 88 K6 02 770815 2 .. 58E 0 l.lSE 0 1 .. 06E 0 1.733E 0 4.913E-2 5.207E-l 5 .. 291E-l 1.050E 0 .p.. 
I 8B K6 03 770815 2.88E.O 4 .. 27E-l 6 .. 96E-l l.400E 0 5.539E-2 6 .. 622E-l 3.304E-1 9.926E-l \0 
w 8B K6 04 770815 1.26E 0 9.99E-l 8.20E-l 1~995E 0 4.628E-2 4.293E-l 4.236E 0 4.665E 0 
8B K6 05 770815 2.00E 0 5.97E-l 8.40E-l 1.998E 0 3.291E-2 1.187E-l 6.425E-2 1.829E-l 
88 K6 06 770815 2.07E 0 6.23E-l B .. SOE-1 2 .. 160E 0 5 .. 073E-2 2 .. 766E-l 1.421E-l 4.187E-l 
8B l4 01 770804 2.20E 0 l.l6E 0 1.06E 0 1.268E 0 2.276E-2 6.649E-2 7.996E-2 1 .. 464E-l 
8B L4 02 770804 3.,62E 0 4.68E-l 8 ... 50E-l l .. 239E 0 1.043E-2 l.846E-2 7.893E-2 9,.739E-2 
8B l4 03 770804 9 .. 70E-l 8.37E-l 1.06E 0 1.497E 0 1 .. 576E-2 l.995E-1 8.647E-2 2 .. 860E-l 
88 l4 04 770804 5 .. 25E 0 5.49E-l 1.21E 0 1.429E 0 7 .. 695E-2 8.534E-2 l.B06E-2 1.034E-l 
88 l4 05 770804 Z.45E 0 1.44E 0 1.13E 0 1.599E 0 2.257E-2 3.939E-2 5.898E-2 9e837E-2 
88 l4 06 770804 2 .. 07E 0 B.OOE-1 1.5ZE 0 1. 550E 0 2. 790E-2 1.767E-l 5 .. 311E-2 2.298E-l 
8B l6 Ol 770805 3 .. 13E 0 2 .. 86E-l 5.38E-l 2.008E 0 l.,355E-l 4 .. 585E-l 7.921E-l 1 .. 251E 0 
8B L6 02 770805 4.12E 0 2.73f-l 7.78E-l 1.688E 0 1.123E-l 3.334E-l 1.971E-l 5.305E-l 
88 l6 03 770805 2.83E 0 Z.66E-l 5.64E-l 1.871E 0 l.004E-l 1 .. 268E 0 7.050E-l 1 .. 973E 0 
.as L6 04 770805 2.52E 0 2.98E-l 6.61E-l 2.137E 0 l.ll3E-l l.073E 0 9.836E-l 2.057E 0 
8B l6 05 770805 2.97E 0 3.23E-l 6.27E-l 2.050E 0 8.315E-2 3.835E-l 2.631E-l ·6.466E-l 
88 l6 06 770805 2.67E 0 3.10E-l 6.14E-l 2.074E 0 6.962E-2 5.267E-l 1.602E-l 6.869E-l 
Table 14-12. Summary of Intercalibration Hydrocarbon Values. 
~B. SIA B.e. E.B.L£.1::1 £.1:iLC.l.a £BLU1 !:£1. .I..l.li.s.!!I. ii.L.A.L~ .GC....ARQ I.UL.!Zk 
SB INT Ol l.92E 0 4.00E-l 4.83E-l 1.914E 0 l.899E-2 8.132E-2 3.508E-l 4.321E-l 
58 INT 02 B.l4E-l 4.80F-l 3.22f-l 1.762E 0 4.371E-3 5.379E-2 B.762E-2 1.414E-l 
5B INT 03 7.56E-l 7.50E-l 5.29E-l 1.405E 0 5.519E-3 9.646E-2 7.816E-2 L,746E-l 
5B INT 04 2.10E 0 3.83E-l 3.91E-l 1.103E 0 9.342E-3 l.l67E-l l.376E-l 2.543E-l 
6B INT 01 1.40E 0 4.2lf-l 5.89E-l 1.768E 0 2.338E-3 1.642E-2 2.209E-2 3.851E-2 
6B INT 02 2.36E 0 3 .. 27E-l 6.31E-l 2.433E 0 3 .. 080E-3 1.397E-2 3.463E-2 4.B60E-2 
6B INT 03 8..,05E-l l.67E 0 6.58F-l 3.l56E 0 1.730E-2 l.055E-l 1.455E-l 2.510E-l 
6B INT 04 .. E .. E 4.24E-l 3.880E 0 4.899E-3 2.185E-2 4.317E-2 6.502E-2 
7B lNT 01 2.63E 0 4.46E-l 8.25E-l 2.247E 0 6.813E-3 7.747E-3 l.07lf-2 1.846E-2 
7B INT 02 2.24E 0 9 .. 39E-l 8.49E-l 2.434E 0 l.l3BE-1 3.812E-l 3.567E-l 7 .. 379E-l 
7B INT 03 .. OE 0 • OE 0 • OE 0 2.159E 0 2.157E-2 l.OSlE-2 6.161E-3 l.667E-2 
7B INT 04 6.67E 0 2.72E-l l.50E 0 l.692E 0 l.916E-2 7.395E-2 2.l09E-2 9.504E-2 
BB INT 01 2.44E 0 2.92E-l 4.92E-l l .. 949E 0 3.142E-2 2"'009E-l 5.816E-2 2 .. 59lE-l 
8B INT 02 2 .. 51E 0 5 .. 71E-l 9.84E-l 1.867E 0 4 .. 063E-2 2.252E-l 5.864E-2 2.838E-l 
,_. 8B INT 0.3 8.65E 0 3.71E-l 2.23E 0 1.079E 0 6.3llf-3 1.266E-2 6.863E-3 1.,952E-2 
.j::'-
,1, 88 INT 04 l.67E 0 4.21E-l 7.78E-l 2.537E 0 3.150E-2 4.068E-l 5.086E-2 4.577E-l 
.j::'-
Table 14-13. Summary of Recolonization Samples Hydrocarbon Content . 
C.E llA B£ £BLEl::i .euLL..la eE.LC.J.L k£.1. L.E.Xh!il l2ks.Ai..l !Zl:.aARQ I.QI~C. 
5R B5 11 3 .. 42E 0 3.39f-l 9.39E-l 1.4C8E 0 1.535E-2 6.133E-2 3.171E-2 9.304E-2 
7?, B5 11 5 .. 98E-0 3.90E-l 1 ... 27E 0 L.544E 0 1.879E-2 3 .. 404E-2 5.659E-2 9.,063E-2 
7R B5 12 4 .. 08E 0 3.33E-l 8 .. 76E-l 1.922E 0 2.251E-2 l.l23E-l 1.848E-l 2.971E-l 
7R 85 13 6.17E-1 2.57E-l 1.18E-1 1.685E 0 Z.634E-2 1.403E-l 3.678E-2 1.771E-l 
7R B5 14 2.46E 0 4.39E-l 9.94E-l 1.828E 0 l.452E-2 1.689E-2 6.778E-2 8.467E-2 
8R 85 01 6.63E 0 4.11E-l 1.65E 0 l.498E 0 2.142E-2 3.164E-2 4 .. 086E-2 7.250E-2 
8R 85 02 2.75E 0 3.55E-l 1.22E 0 l.713E 0 1.641E-2 2 .. 919E-2 5.263E-2 8.182E-2 
8R B5 03 4. 88E 0 3.99E-l l.37E 0 L.333E 0 1.134E-2 6.084E-2 6.200E-2 1.228E-l 
8R 85 04 2.96E 0 4.86E-l 8.46E-l 1.592E 0 2.533E-2 3 .. 567E-2 9.206E-2 1.277E-l 
8R B5 05 4.84E 0 3.11E-l 8.92E-l 1.788E 0 1.778E-2 1.264E-2 1.347E-2 2.611E-2 
8R 85 06 2.63E 0 5.81E-1 l .. 04E 0 1 .. 597E 0 5.131E-2 1.499E-l 3.117E-l 4.616E-l 
8R 85 07 7.79E-O 4 ... 21E-l l.58E 0 l.973E 0 2.132E-2 5.022E-2 2.744f-2 7.766E-2 
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Figure 14-53. Sediment, hexane fraction, Cruise 08B, Station H2, Replicate 3. Labeled peaks 
are a) 2-methyloctadecane (spike), b) 3-methyloctadecane (spike), c) nc32 (spike). Numbered peaks are n-paraffins. 
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Figure 14-54. Sediment, benzene fraction, Cruise 08B, Station H2, Replicate 3. Labeled peaks 
are a) nc13 (spike), b) nc14 (spike), c) hexamethylbenzene (spike), d) nc15 (spike), e) phenanthrene, f) anthracene, g) 3-methylphenanthrene, 
h) 2-methylphenanthrene, i) 9-methylphenanthrene, j) 1-methylphenanthrene, 
k) fluoranthene, 1) pyrene, m) benzo(a)anthracene, n) chrysene/triphenylene, 
o) benzo(j)fluoranthene, p) benzo(k)fluoranthene, q) benzo(e)pyrene, 
r) benzo(a)pyrene, s) perylene, t) olefin, u) dibenzofluoranthene, 
v) benzo(ghi)perylene, w) nc32 (spike). 
fractions of sediment samples were predominantly polynuclear aromatic 
compounds. 
DISCUSSION 
Dissolved Hydrocarbons 
The measured range of total GC dissolved hydrocarbon 
concentrations of samples from fall 1976 through summer 1977 was 0.032 
to 373 ~g/1. In general, concentrations of aliphatic fractions 
(0.004-114 ~g/1) were higher than those of aromatic fractions 
(0.012-259 ~g/1). Apparently, some samples were contaminated. All 
samples from cruise 08 (summer 1977) were contaminated by experimental 
spike incompletely removed from the extractor; those values are 
tabulated, but they were not included in further analysis of data. 
Certain samples from cruises 05 (fall 1976) and 06 (winter 1977) had 
anomalously large concentrations of hydrocarbons; chromatographic 
fingerprints indicated that petroleum was present. Contamination 
probably occurred after filtration of particulate samples, because 
such contamination was not seen in the corresponding particulate 
samples. Both aliphatic and aromatic fractions of the contaminated 
samples from cruise 05 (fall 1976) exhibited large unresolved 
envelopes with maxima between RI 2400 and 2700. The source of this 
contamination is unknown; no match could be made with possible 
shipboard contaminants. Contaminated samples from cruise 06 (winter 
1977) contained high concentrations of aliphatics and large unresolved 
envelopes between RI 1300 and 2000. These samples, too, were omitted 
from analysis. 
Means of concentration for the rema1n1ng samples from cruises 03 
(spring 1976) through 07 (spring 1977) are given in Table 14-14. 
Concentrations of aliphatic hydrocarbons correspond closely with 
values reported by Parker et al• (1977) and by Calder (1977) for the 
Gulf of Mexico, by Gordon et al. (1977) for eastern Canadian waters, 
by Shaw (1977) for waters of the Alaskan continental shelf and by 
Risebrough (1977) for southern Californian waters. 
No seasonal variability was detected (see cruises 04 through 07), 
and there was no systematic relationship between surface and bottom 
samples. Neither an onshore-offshore nor a north-south trend was 
observed. Water mass type (described in Chapter 3) had no apparent 
correlation with dissolved hydrocarbon content. 
Linear regression analysis of total GC dissolved hydrocarbons vs. 
total dissolved organic carbon was conducted for each cruise; surface 
and bottom samples were treated separately. Only the spring 1977 
(cruise 06) surface samples showed significant correlation at the 95% 
level, but the correlation coefficient was low. The ratio of total 
dissolved hydrocarbons to dissolved organic carbon was highly 
variable, both from station to station and from season to season. 
14-98 
Table 14-14. Mean concentrations (l-lg/1) and standard deviations of 
dissolved hydrocarbons. 
GC GC 
Aliphatic Aromatic Total 
Cruise Fraction Fraction GC 
03 (spring 1976) 0.53 + 0.37 
04 (summer 1976) 0.22 + 0.12 
05 (fall 1976) 
surface 0.30 + 0.27 0.087 + 0.084 0.39 + 0.32 
bottom 0.48 + 0.37 0.11 + 0.12 0.59 + 0.40 
06 (winter 1977) 
surface 0.14 + 0.09 0.034 + 0.014 0.17 + 0.09 
bottom 0.23 + 0.30 0.028 + 0.021 0.20 + 0.15 
07(spring 1977) 
surface 0.24 + 0.50 0.027 + 0.012 0.26 + 0.50 
bottom 0.54 + 1.69 0.033 + 0.022 0.57 + 1. 71 
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Therefore, the amount of dissolved hydrocarbons was not closely 
related to the total dissolved organic carbon. 
The carbon preference index (CPI) for dissolved hydrocarbons and 
other types of samples was calculated for carbon range C23 through C30 
by the following formula (Cooper and Bray 1963): 
c23 + c25 + c27 + c29 
CPI 
The range of CPI's for dissolved hydrocarbons was 0.6 to 2.0; most 
CPI's were between 0.9 and 1.2. Although this range is common for 
petroleum, it is also characteristic of marine samples in the western 
Gulf of Mexico (Parker 1977). N-paraffins in the range C25 to C33 
with an even-odd ratio of near unity were shown to be synthesized by 
certain marine bacteria (Davis 1968). 
Particulate Hydrocarbons 
The measured range of aliphatic fraction hydrocarbons was 0.001 
through 1.88 ~g/1, that of aromatic fraction hydrocarbons was 0.001 
through 0.02 ~g/1 and that of total hydrocarbons was 0.01 to 1.89 
~g/1. Six samples (05 L1 surface, 05 L1 bottom, 05 L6 surface, 06 L1 
surface, 07 L1 surface, 08 D1 bottom) showed large unresolved complex 
envelopes between RI 2400 and 2700, and were probably contaminated. 
Only sample 05 L1, surface, showed an anomalously high concentration, 
and the corresponding dissolved hydrocarbon sample was apparently 
contaminated. Concentrations were normal in the other particulate 
samples. The 05 L1 bottom sample also showed contamination in the 
corresponding dissolved hydrocarbon sample. These six contaminated 
samples were not used in analysis of data. 
Means of concentrations for the remaining samples from cruise 01 
(fall 1975) through 08 (summer 1977) are given in Table 14-15. The 
aliphatic values from cruises 05 (fall 1976) through 08 are within the 
range reported by Parker (1975) in the western Gulf of Mexico, Calder 
(1977) in the eastern Gulf of Mexico, and by Risebrough (1977) off 
southern California. Those for cruises 07 and 08 are generally higher 
than those for cruises 05 and 06. This suggests a seasonal trend for 
particulate hydrocarbons. There was no systematic relationship 
between surface and bottom samples. No onshore-offshore or 
north-south trends were observed. No effect of water mass type on 
particulate hydrocarbon content was detected. 
Linear regression analysis of total GC particulate hydrocarbons 
vs. particulate organic carbon was conducted for each cruise; surface 
and bottom particulate samples were treated in separate regressions. 
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Table 14-15. Mean concentrations (Mg/1) and standard deviations of 
particulate hydrocarbon samples. 
GC GC 
Aliphatic Aromatic 
Cruise SamEle Fraction Fraction 
01 (fall 1975) surface 1.53 + 2.91 
bottom 0.79"+0.80 
02 (winter 1976) surface o. 85 + 1. 03 
bottom 4.48 + 9.99 
03 (spring 1976) surface 0.63 + 0.46 
bottom 6. 62 "+14. 77 
04 (summer 1976) surface 0.20 + 0.24 
bottom 0.80 + 0.94 
05 (fall 1976) surface 0.02 + 0.01 0.031 + 0.049 
bottom 0.02 + 0.02 0.011 + 0.005 
06 (winter 1977) surface 0.02 + 0.01 0.023 + 0.024 
bottom 0.03 + 0.02 0.039 + 0.046 
07 (spring 1977) surface 0.07 + 0.08 0.026 + 0.026 
bottom 0.05 + 0.03 0.024 + 0.035 
08 (summer 1977) surface 0.08 + 0.05 0.033 + 0.057 
bottom 0.09 + 0.09 0.025 + 0.027 
No significant correlation was found at the 95% level. The ratio of 
total particulate hydrocarbons to particulate organic carbon was 
highly variable from station to station and from season to season. 
Therefore, the amount of particulate hydrocarbons does not appear to 
be related to the total particulate organic carbon. 
No correlation was found between particulate and dissolved 
hydrocarbons. None was anticipated, since the particulate 
hydrocarbons are contained within plankton and detritus and therefore 
are not expected to be in equilibrium with dissolved hydrocarbons. 
The range of CPI's of particulate hydrocarbons was from 0.5 to 
2.6; most samples had CPI's between 0.9 and 1.5. This range has been 
reported for marine samples (Parker 1977) in the western Gulf of 
Mexico. 
In general, ratios of pristane to total particulate hydrocarbons 
were high in surface samples from cruise 07, possibly because of large 
amounts of zooplankton in the samples. The compounds n-C15 and n-C17 
are common components of particulate hydrocarbons, as would be 
expected, since phytoplankton, known to contain those compounds (Clark 
et al. 1967; Youngblood et al. 1971) are retained by the filter pads. 
A compound with RI 2077 was occasionally found in relatively large 
amounts, in some cases comprising as much as 50% of the total 
aliphatic hydrocarbons. This compound has not been identified, but 
it has a retention time similar to that of a C25 cyclo-olefin 
identified by Farrington (1977). This compound may also be 
heneicosahexa-ene (Blumer et al. 1970; Youngblood et al. 1971), a 
likely component of hydrocarbons found in phytoplankton. Parker 
(1977) reported that n-C22 and n-C31 were the most abundant compounds 
in spring and in summer particulate hydrocarbon samples, respectively, 
in the western Gulf of Mexico; neither compound was predominant in 
this study. 
Zooplankton 
The measured range of aliphatic fraction hydrocarbons was 2.0 to 
3218 ~g/g, that of aromatic fraction hydrocarbons was 2.24 to 650 ~g/g 
and that of total hydrocarbons was 2.2 to 3389 ~g/g. Means of 
concentrations for samples from cruises 05 (fall 1976) through 08 
(summer 1977) are given in Table 14-16. The aliphatic values from 
cruises 07 and 08 were greater than those of cruises 05 and 06. The 
aromatic values were about the same throughout the year. 
Zooplankton from the closest inshore stations, C1 and L1, were 
consistently lower in aliphatic hydrocarbons than that from other 
stations further offshore. The percentage of pristane in the inshore 
samples was also consistently lower than in other samples. Most 
zooplankton are extremely rich in pristane; therefore, either those 
inshore samples contained large amounts of material other than 
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Table 14-16. Mean concentrations (~g/1) and standard deviations of 
zooplankton hydrocarbons, 1976-1977. 
GC GC 
Aliphatic Aromatic Total 
Cruise Fraction Fraction GC 
05 (fall) 
202 75 + 34 182 + 142 258 + 160 
505 53+ 39 221 + 218 273 + 212 
06 (winter) 
202 40 + 36 315 + 206 448 + 295 
505 81 + 60 142 + 125 223 + 146 
07 (spring) 
202 437 + 578 64 + 72 502 + 591 
505 953"+1172 94 + 77 1047 + 1238 
08 (summer) 
202 445 + 507 117 + 83 561 + 543 
505 706 + 805 123"+179 829 + 968 
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zooplankton (phytoplankton or terrestrial detritus) or the hydrocarbon 
composition of the zooplankton near the shore is different from other 
zooplankton. Zooplankton composition at coastal stations C1 and L1 
was different from that at other stations (see Chapter 4) which may 
account for the differences in hydrocarbon composition. No other 
geographical bases of variation for hydrocarbon contents of 
zooplankton were obvious. Possible spatial trends are obscured by 
extreme variability in hydrocarbon levels. 
Concentrations of aliphatic hydrocarbons varied seasonally; they 
were considerably higher in samples from cruises 07 (spring 1977) and 
08 (summer 1977) than those from cruises 01 through 06 (see Table 
14-17). Seasonal variation was particularly evident in the northerly 
transects A-B and C-J. Apparently, this was due to the predominance 
of a northern-water Calanus community of zooplankton, which penetrated 
the Mid-Atlantic Bight shelf in spring 1977 and remained abundant 
through that summer. The Calanus community replaced the normally 
dominant Centropages community found in cruises 01 (fall 1975) through 
06 (winter 1977) (see Chapter 4 for details). Northern species are 
known to be richer in lipids, including hydrocarbons (Lee and Hirota 
1973). Stations C1, L1, L2, L4, L6 and J1 were not dominated by the 
northern Calanus community in cruises 07 and 08; therefore aliphatic 
hydrocarbon concentrations were lower. 
Zooplankton hydrocarbon content cannot be correlated with 
dissolved and particulate hydrocarbon content because their units of 
measurement are different. Zooplankton hydrocarbons are expressed as 
~g/g dry weight, dissolved and particulate hydrocarbons as ~g/1; the 
latter units are dependent upon concentration in water, whereas the 
former are not. The volume of water corresponding to a given dry 
weight of zooplankton cannot be calculated, and the dry weight of 
dissolved or particulate hydrocarbon samples cannot be calculated 
either. 
Instead of statistical correlation, gas chromatogram patterns of 
zooplankton, dissolved and particulate samples were inspected for 
similarities. Dissolved hydrocarbon patterns were different from 
those of zooplankton with the exception of samples collected on cruise 
07 (spring 1977). Those samples also had high concentrations of 
pristane. It is likely that the particulate matter of cruise 07 
contained substantial amounts of zooplankton. 
A peak with RI 2077 was frequently observed in the aliphatic 
fractions during fall 1975 and winter 1976 (cruises 05 and 06). The 
same peak also appeared in dissolved and particulate samples (mainly 
in cruise 05) in most sediment samples and in some epibenthic animals. 
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Table 14-17. Concentrations (~g/g) of zooplankton aliphatic 
hydrocarbons. 
1975 1976 1977 
Fall Winter Spring Summer Fall Winter Spring Summer 
Station 01 02 03 04 05 06 07 08 
202 
A2 64.0 11.8 1951 357.7 
B5 116.9 16.0 683.6 1547 
C1 10.1 39.8 10.9 2. 09 57.0 27.0 18.5 36.6 
D1 109.9 49.6 26.3 44.8 108.9 78.2 699.5 83.3 
E3 147.5 81.7 151.4 35.1 113.4 14.1 1004 914.0 
F2 88.2 25.4 101.3 241.9 45.0 40.1 708.7 1155 
J1 5.5 18.8 37.0 74.2 39.8 134.5 517.0 
11 13.3 18.5 183.8 9.1 
12 75.9 30.7 20.4 108.2 
14 72.7 13.1 128.4 168.6 
16 39.2 133.7 359.5 19.2 
N3 288.8 105.1 4.7 16.9 129.9 54.4 30.8 413.3 
505 
A2 46.8 85.7 1099 1275 
B5 120.7 144.8 2232 693.7 
C1 4.6 18.8 16.3 3.1 2.0 2.7 21.8 29.0 
Dl 40.6 298.7 184.8 200.0 94.5 150.5 857.2 23.3 
E3 1291 18.6 616.4 40.2 78.7 2809 81.0 
F2 127.7 83.9 71.4 490.6 62.4 38.2 3218 255.7 
J1 3.6 42.1 116.2 55.0 66.6 86.2 100 1498 
11 42.4 13.3 8.3 17.8 
12 68.3 29.9 79.5 29.2 
14 89.9 73.1 83.9 2524 
16 51.0 69.3 28.6 27.4 
N3 294.4 137.5 ll.8 40.4 185.5 205.3 895.3 1288 
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Neuston 
Neuston samples were rarely obtained in sufficient biomass for 
adequate analysis. Only a few samples were analyzed, primarily Idotea 
metallica, to give an estimate of hydrocarbon levels and composition 
in neustonic organisms. Future investigations of hydrocarbons in the 
Middle Atlantic Bight might well devote greater effort to include I. 
metallica as an indicator species of petroleum contaminants in the-
surface layers. It inhabits the surface layer exclusively, is 
ubiquitous, easily caught, relatively large and is easily separated 
from other neuston and surface debris. 
The aliphatic fraction of I. metallica was dominated by lower 
molecular weight hydrocarbons, particularly n-Cls, n-C17 and pristane. 
Higher molecular weight n-paraffins were present in lesser amounts. 
Several characteristic, though unidentified, peaks appeared at RI 
2271, 2279, 2472 and 2485. 
The aliphatic fraction of the fish (species not identified) was 
similar to that of l• metallica, except that a different suite of 
unidentified peaks was observed. The total GC aromatic concentration 
of the fish sample was very large and consisted mainly of methyl 
esters. No aromatic compounds were identified in that fraction. 
Biogenic hydrocarbons strongly dominated neuston aliphatic 
fractions. No unresolved complex envelopes were observed in either 
aliphatic or aromatic fractions. 
Surface Film 
Since surface film sampling was highly dependent on weather and 
sea conditions, samples were taken irregularly over stations and 
seasons. Results cannot be considered representative of surface film 
hydrocarbons in all parts of the sampling area. However, the results 
do provide a general indication of the compounds encountered in 
surface films. Concentrations of hydrocarbons were higher in samples 
from fall 1976 and winter 1976 (cruises 05 and 06) than from spring 
and summer 1977 (cruises 07 and 08). Aliphatic fractions generally 
contained a suite of n-paraffins consistent with petroleum, as also 
evidenced by the CPI values of near unity. Unresolved complex 
envelopes were commonly observed. Aromatic fractions also contained 
compounds consistent with the presence of petroleum (i.e., substituted 
polynuclear aromatics). Chlorinated hydrocarbons were frequently 
abundant in the aromatic fractions from fall 1975 and winter 1976 
(cruises 05 and 06). 
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Benthic Epifauna 
Four major taxa of benthic organisms were sampled: Pisces, 
Mollusca, Echinodermata, and Arthropoda. The most frequently sampled 
fishes were several species of hake; other species were taken less 
often. Molluscs collected were sea scallops, clams, and squid. 
Echinoderms analyzed were sand dollars and several species of 
starfish. Arthropods sampled included several species of crabs and 
shrimp. Total hydrocarbon content for benthic organisms ranged from 
0.3 to 146 ~g/g dry weight. Distribution of total aliphatic and 
aromatic content among individuals for each of the major groups is 
shown in Figures 14-55 and 14-56. These histograms show that 
hydrocarbon concentrations varied considerably within each taxon, as 
well as between taxa. This may be caused by interspecific variation, 
and by undetermined seasonal and geographic effects. Analysis of this 
variability by parametric statistics (i.e., means and standard 
deviations) was not warranted because the distributions are strongly 
skewed. Most concentrations were between 0.1 and 6 ~g/g. 
When feasible, five or more individuals were pooled for each 
species. To investigate intraspecific variability of hydrocarbons, 
replicate analyses of individuals collected at the same station were 
performed. Species selected provided sufficient biomass for analysis 
from an individual organism, and were sufficiently abundant for the 
required replication. Results are given in Table 14-18. Considerable 
variation among replicates was observed; standard deviations were 
large with respect to means. It is apparent that five samples do not 
provide an adequate sampling of the population. Insufficient data 
exist for the determination of an optimum number of individuals to be 
pooled; however, it is obvious that this number is greater than five. 
Practical limitations on the number of organisms to be pooled are the 
size and abundance of individuals at a station. Small organisms may 
be required in excess of the optimum number in order to obtain a 
biomass large enough to analyze; large organisms present difficulties 
in storage and homogenization. 
Sources of intraspecific variability include analytical variation 
as well as actual differences between replicates. Organisms were 
selected without regard to age, sex, or reproductive condition. 
The discussion of individual compounds in benthic organisms deals 
only with the aliphatic fractions. The aromatic fractions contained 
many non-aromatic compounds, usually olefins, which prevented analysis 
of the small amounts of true aromatic compounds that may have been 
present. 
The percentage of pristane relative to total aliphatic 
hydrocarbons in benthic organisms was highly variable. In general, 
pristane was more abundant in samples from spring and summer 1977 
(cruises 07 and 08); it was particularly abundant in fish. 
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Figure 14-55. Frequency-concentration histograms for aliphatic hydrocarbons in 
benthic epifauna. 
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Figure 14-56. Frequency-concentration histograms for aromatic hydrocarbons 
in benthic epifauna. 
Table 14-18. Hydrocarbon analysis of benthic epifauna. 
Total Total 
Repli- Aliphatic Aromatic Pristane Phl:tane Pristane 
Species (Station, Cruise) cate (}J.g/g) (JJ.g/ g) cl7 c1s Phytane 
Cancer irroratus 1 0.32 1.72 0.67 0.32 1.63 
(Station C2, Cruise 07) 2 0.42 2.82 1.86 0.63 4.90 
3 0.49 1.14 3.28 0.54 6.50 
4 2.54 3.03 0.33 0.52 2.39 
5 0.62 1.35 0.73 0.28 5.94 
mean 0.88 2.01 1.37 0.46 4.27 
std. dev. 0.94 0.86 1. 21 0.15 2.16 
Asterias forbesi 1* 
(Station Dl, Cruise 07) 2 7.59 1. 57 6.33 1.08 9.57 
3 0.64 1.25 3.00 0.58 10.3 
4 2.05 5.17 7.34 0.96 15.5 
5 2.70 2.34 19.9 0.98 21.6 
mean 3.25 2.58 9.14 0.90 14.2 
std. dev. 3.02 1. 79 7.41 0.22 5.57 
Asterias vulgaris 1 0.32 0.26 2.66 0.45 15.6 
(Station El, Cruise 08) 2 2.03 o. 72 2.12 0.59 9.04 
3 0.16 0.08 10.0 0.45 47.3 
4 1.02 1.50 1.60 0.68 6.00 
5 1.43 1.44 2.42 0.38 9.33 
mean 0.99 0.80 3.76 0.51 17.5 
std. dev. 0.78 0.65 3.51 0.12 17.0 
1 1.98 2.29 6.00 0.69 24.0 
Placopecten magellanicus 2 3.75 1. 61 5.52 0.75 21.0 
(Station El, Cruise 08) 3 1.10 0.46 8.38 0.73 23.0 
4 2.22 3.12 5.10 1.20 45.8 
5 2.75 1.23 5. 72 1.67 20.5 
mean 2.36 1. 74 6.14 1.01 26.9 
std. dev. 0.98 1.02 1.29 0.42 10.7 
*sample was accidentally destroyed. 
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Echinoderms frequently exhibit large peaks with retention indices 
of RI 2200, 2400, 2600, and 2800. These peaks are not definitely 
known to be even numbered n-alkanes, but they are so assigned in the 
absence of contradictory evidence.· Accordingly, the CPI for 
echinoderms is less than one in many cases. 
The clam Astarte castanea was characterized by a large amount of 
a compound with a retention index 3013 + 4 of as yet undefined 
structure. This compound is found in lesser amounts in the starfish 
Astropecten americanus and Sclerasterias tanneri. A possible food 
chain link is evidenced for this compound, as starfish are known 
predators of clams. 
Peaks with retention indices 2077 and less often 2084 occurred 
frequently in benthic organisms. These peaks have similar retention 
indices to peaks in sediment chromatograms, and have been tentatively 
identified as C25 cyclo-olefins. These compounds may be incorporated 
in the organism tissue, or may be associated with sediment particles 
which have been ingested by the organisms. The peak with RI 2077 has 
also been found in dissolved, particulate, and zooplankton hydrocarbon 
samples. 
There does not appear to be any appreciable correlation between 
benthic epifaunal hydrocarbons and particulate hydrocarbons. Sampling 
of organisms and particulate material was not synoptic, and data ar? 
too sparse for adequate statistical interpretation. Hydrocarbon 
compositions of organisms and particulates are, in general, dissimilar 
(see chromatograms, Figures 14-29, 14-30, 14-51, 15-52). Furthermore, 
hydrocarbon patterns vary considerably between species collected at a 
given station. 
The effect of sediment characteristics on benthic organisms was 
not examined because: 
1) Collection by trawl gives no information about sediments in 
the organism's local habitat. 
2) Sediment characteristics are widely variable with respect to 
the scale of trawl stations. 
3) Many organisms are mobile and therefore are not restricted to 
a particular type of sediment. 
Accordingly, insufficient knowledge is available for determination of 
the effect of sediment characteristics on faunal samples. 
Due to the limited number of organisms sampled and their uneven 
dispersion throughout stations and seasons, it was not possible to 
demonstrate seasonality of hydrocarbons in benthic organisms. 
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Since it was not possible to evaluate effects of water 
circulation patterns on dissolved, particulate, or sediment 
hydrocarbons, it is concluded that there would be no discernible 
effect of water circulation patterns on hydrocarbons in benthic 
epifauna, because the former constitute the possible sources of 
hydrocarbon input to benthic organisms. 
No correlation of either aliphatic or aromatic hydrocarbon 
content with trace metal content could be found for benthic epifauna 
(see Chapter 13). 
Sediments 
The aliphatic and aromatic hydrocarbon concentrations in 
sediments measured during the 1976-1977 sampling year ranged from 
0.0019 to 25.8 ~g/g for aliphatics and from 0.00063 to 25.9 ~g/g for 
aromatics. This range is similar to that from the first year's study. 
Statistical tests for similarity of means for each station by t-tests 
(Sakal and Rohlf 1975) between first year and second year show that 
69% of the aliphatic values and 76% of the aromatic values were 
similar at the 95% confidence level (see Table 14-19). 
Hydrocarbon replicate variability has been statistically 
analyzed. Means and 95% confidence limits for total GC aliphatic and 
aromatic concentrations, pristane:C17, phytane:C18 and 
pristane:phytane are shown in Figures 14-57 through 14-61. Although 
the confidence limits for hydrocarbon concentrations appear large with 
respect to the means, it must be kept in mind that all concentrations 
are quite low, rarely exceeding a mean of 1 ~g/g dry sediment. For 
example, the overall mean aliphatic hydrocarbon concentration 
determined here (0.23 ~g/g sediment) is lower than that reported for 
certain other U.S. continental shelf sediments, 1-2000 ~ g/ g sediment 
(Farrington 1977; Gearing et al. 1976; Reed et al. 1977; and Parker et 
al. 1977). Confirmation of the low concentration of aliphatic and 
aromatic hydrocarbons measured here is provided by the quality control 
(QC) laboratory for the Mid-Atlantic OCS Region (Laseter and Overton 
1978). A comparison of mean values from this study and the quality 
control results for 16 stations is presented in Table 14-20. QC 
concentrations fell well within the range measured for VIMS samples. 
Direct station-by-station correlation of concentrations shows that QC 
values are slightly higher than VIMS values for about 50% of these 
stations. The difference probably exists because the QC laboratory 
quantitated by using an internal standard, whereas VIMS used external 
standards. Quantitation using external standards did not include 
correction factors for recovery yield. 
The reasons for the low hydrocarbon concentrations of 
hydrocarbons in the Middle Atlantic Bight OCS are several. There does 
not appear to be any abundant source of input; no natural petroleum 
seeps are known in the region, and large petroleum spills have been 
(TEXT CONTINUES ON PAGE 14-125) 
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Table 14-19. Student's ~-test for equality of means in sediment 
hydrocarbon content between first and second year's 
samples. 
AliEhatic H:t:drocarbons Aromatic H:t:drocarbons 
Station df t df t 
AI 8 0.03 7 1.94 
A2 9 2.55* 8 2.95* 
A3 8 0.42 7 o. 39 
A4 10 2.32* 9 0.88 
Bl 10 0.21 8 0.86 
B2 9 0.55 8 2.57* 
B3 8 0.23 7 2.99* 
B4 9 1.25 5 2.16 
C2 10 1.07 9 0.69 
C4 10 2.43* 9 1.33 
Dl 10 6.17* 10 0.95 
D4 10 5.60* 10 0.92 
El 9 3.26* 8 0.91 
E2 10 4.67* 9 1.04 
E3 10 1.77 9 I. 98 
E4 10 3.46* 9 10.85* 
Fl 10 2.88* 9 2.07 
F2 10 0.60 9 0.21 
F3 9 I. 87 7 1.21 
F4 10 2.96* 9 3.07* 
G2 10 2.38* 9 2.99* 
G3 10 0.20 9 1.81 
G4 10 3.75* 8 3.58* 
G5 10 I. 96 9 0.92 
G6 10 0.33 8 1.34 
HI 9 1.44 8 1.00 
H2 10 1.08 8 I. 99 
II 10 0.69 9 1.96 
12 9 1.00 9 2.42* 
I3 10 0.47 9 0.89 
14 10 1.36 9 0.72 
Jl 10 0.94 8 0.87 
J2 10 I. 95 7 0.27 
K2 10 1.62 9 2.91* 
K5 9 0.92 8 1.29 
K6 10 1.68 9 0.94 
12 9 3.71* 8 0.30 
14 10 1.55 9 0.85 
15 9 2.73 8 2.57* 
16 10 1.03 9 2.00 
df: degree of freedom 
Critical t values a =0. 05: df = 5, 2.571 
df = 7, 2.365 
df = 8, 2.306 
df = 9, 2.262 
df = 10' 2.228 
*means not equal at 95% confidence level 
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Figure 14-57. Total GC aliphatic hydrocarbon concentration (~g/g sediment) in sediments, 
mean (·), and 95% confidence interval (I) of replicates. 
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Figure 14-58. Total aromatic hydrocarbon concentration (~g/g sediment) in sediments, 
mean (·), and 95% confidence interval (I) of replicates. 
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Figure 14-58. (concluded) 
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Figure 14-59. Pristane/nc17 ratio in sediments, mean(·), and 95% confidence interval (IJ of replicates. 
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Figure 14-60. Phytane/nC18 ratio in sediments, mean (·), and 95% confidence 
interval (I) of replicates. 
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Figure 14-61. Pristane/phytane ratio in sediments, mean (·),and 95% confidence 
interval (I) of replicates. 
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Table 14-20. Comparison of sediment hydrocarbon results from Quality 
Control Laboratory (QCL) and the Virginia Institute of 
Marine Science (VIMS). Concentrations are in ~g/g dry 
weight of sediment. 
Station 
A-1 
A-3 
B-1 
B-3 
D-1 
E-1 
F-1 
F-3 
G-2 
G-3 
H-1 
I-2 
I-3 
K-6 
L-2 
L-4 
Aliphatic Hydrocarbons 
QCL VIMS 
0.233 
0.238 
0.177 
0.346 
0.047 
0.023 
0.120 
0.220 
0.190 
0.293 
0.121 
0.136 
0.217 
0.304 
0.178 
0.098 
0.183 
0.245 
0.087 
0.185 
0.013 
0.004 
0.016 
0.031 
0.087 
0.117 
0.074 
0.035 
0.175 
0.380 
0.102 
0.098 
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Aromatic Hydrocarbons 
QCL VIMS 
0.052 
0.354 
0.182 
0.102 
0.024 
0.022 
0.058 
0.185 
0.072 
0.290 
0.090 
0.115 
0.186 
0.148 
0.064 
0.089 
0.166 
0.203 
0.103 
0.104 
0.022 
0.021 
0.018 
0.051 
0.041 
0.144 
0.039 
0.025 
0.055 
0.960 
0.054 
0.062 
infrequent since World War II. Input from land run off and the 
atmosphere is apparently not large. Also, the predominantly sandy 
sediment may be poor at retaining petroleum hydrocarbons. 
The pristane:C17 ratio has been used as a possible indicator of 
petroleum contaminatiap because this ratio has a characteristic value 
of 0.4-0.8 in most petroleum materials. The ratio varies greatly 
(Figure 14-59) both among stations and among replicates at a station, 
and is frequently within the range observed for petroleum. Both C17 
and pristane are known to have sources in marine biota. Because input 
of these two compounds may vary with location, their ratio is expected 
to fluctuate. Therefore, this ratio is a poor indicator of petroleum 
pollution for these marine sediments. 
The phytane:C1s ratio has also been used as a possible indicator 
of contamination by petroleum because of its characteristic value in 
petroleum (Blumer et al. 1973). Indeed, the very presence of phytane 
in sediments has been claimed to indicate petroleum contamination 
(Blumer and Snyder 1965). Phytane:C18 ratios from this study are 
plotted in Figure 14-60. Both phytane and C18 were observed in almost 
all samples, although usually in low concentrations. The mean value 
of the ratios is 0.45 for these samples. This suggests either that 
almost all sediment samples were slightly contaminated by petroleum, 
or that phytane may have come from other sources. 
The pristane:phytane ratio may be useful as an indicator of gross 
petroleum contamination; in petroleum, concentrations of these 
compounds are nearly equal. In our measurements, pristane was 
considerably more abundant than phytane. This is to be expected 
because of the high input of pristane from zooplankton fecal pellets 
and from benthic infauna. Phytane, however, has no commonly 
recognized biological origin. Therefore, only a considerable amount 
of petroleum could affect the ratio significantly. Pristane:phytane 
ratios are given in Figure 14-61. 
Carbon preference indices (CPI) for sediments (Figure 14-62) show 
a range of 0.6 through 3.4; most samples had CPI between 1.7 and 2.7. 
This range is higher than that observed for petroleum and is probably 
due to input of hydrocarbons produced by terrestrial plants. It is 
difficult to compare CPI values to those observed for other 
continental shelf sediments, because the carbon range used to 
calculate CPI differs from one investigator to another. 
Effects of Sediment Composition of Replicate 
Hydrocarbon Variability 
The composition of sediments has been found to influence 
hydrocarbon content. Correlation coefficients of aliphatic and 
aromatic hydrocarbon concentration vs. percent silt and clay are 0.54 
for aliphatics and 0.32 for aromatics. These coefficients were 
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Figure 14-62. Distribution of CPI in sediment samples. 
derived from product-moment calculations, using all replicates at each 
of the 42 stations; they are significant at the 99.9% level. 
The effect of sediment composition at a given station on 
replicate hydrocarbon variability cannot be determined from the 
available data because: 
1) Sediment composition varies between replicate grab 
samples (Chapter 5). 
2) Variability of hydrocarbon content of aliquots of a 
single grab is unknown. 
However, it is likely that the above correlation of hydrocarbon 
content with percent silt and clay also applies. 
Comparison of Replicate vs. Pooled Sediment 
Sample Hydrocarbon Analyses 
VIMS and U.S.G.s., Reston, analyzed duplicate sediment samples 
for cruises 05 (fall) and 06 (winter); results are given in Table 
14-21. Intercalibration results for cruises 07 (spring) and 08 
(summer) were not received from u.s.G.S. Since hydrocarbon 
concentrations (aliphatic, aromatic and total) determined by each 
laboratory are similar in magnitude, results of analyses by the two 
laboratories are comparable. Detailed statistical evaluation is not 
warranted on this small set, particularly since estimates of 
analytical variability for each laboratory procedure are unknown. 
Comparisons for individual hydrocarbon compound ratio parameters 
show some differences which are not considered important. 
Comparisons of odd-even n-alkane predominance are not made 
because the U.S.G.S. value is ann-alkane predominance odd-even ratio 
of unidentified carbon range. VIMS value is CPI~g, as defined by 
Cooper and Bray (1963). 
Geographic Variability 
Statistical tests were found to be inapplicable to treatment of 
geographic trends of hydrocarbon concentrations in sediments. This is 
a consequence of large differences among replicates at stations and of 
irregular changes in hydrocarbon concentrations as a function of 
distance offshore or along isobaths. Hydrocarbon concentrations are 
patchy and depend upon local sediment composition. Hydrocarbon 
concentrations were higher in swale stations than in ridge stations 
(see Table 14-22), and higher in deep stations (e.g., 200m) than in 
shallow ones. 
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Table 14-21. Sediment Intercalibration Results. 
Resolved Resolved 'fotal Resolved Total Extract 
Sample Pr/n-Cl7 Phy/n-c18 Pr/Phy Aliphatic (Jl g/ g) Aromatic (].!g/g) Hydrocarbon (J.lg/g) Recovered (].lg/g) 
05111 USGS 0.49 0.15 8.37 0.626 0.082 0.709 7.88 
VIMS 0.48 0.40 1.92 0.230 0.351 0.581 18.99 
ff2 USGS 0.50 0.19 7.16 0.088 0.004 0.093 6.99 
VIMS 0.32 0.48 0.81 0.054 0.088 0.142 4.37 
1fo3 USGS 0.59 0.17 4.86 0.082 0.008 0.090 6.02 
VIMS 0.53 0.75 0.76 0.096 0.078 0.174 5.52 
1-' 
.p-
I ffo4 USGS 1-' 0.63 0.29 5.13 0.208 0.008 0.216 9.60 
N VIMS 0.39 0.38 2.10 0.117 0.138 0.255 9.34 00 
06/fl USGS 0.70 0.07 7.12 0.068 0.002 0.070 4.13 
VIMS 0.59 0.42 1.40 0.016 0.022 0.385 2.34 
ff2 USGS 1.00 0.35 6.26 0.342 0.056 0.399 0.37 
VIMS 0.63 0.33 2.36 0.014 0.035 0.049 3.08 
1fo3 USGS 0.87 0.15 4.75 0.424 0.185 0.609 7.32 
VIMS 0.66 1.67 0.81 0.106 0.146 0.250 17.30 
1f4 USGS 0.56 0.06 8.25 0.268 0.053 0.321 5.35 
VIMS 0.42 0.13 3.29 0.022 0.043 0.065 4.90 
Table 14-22. Total sediment hydrocarbon concentrations in swale and 
ridge stations. 
Concentration llg/g 
Area Swale Ridge 
B 0.289 0.072 
c 1.953 0,036 
D 0.328 0.034 
E 0.045 0,025 
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The greater hydrocarbon content in swale stations in comparison 
with associated ridge stations is apparently due to the greater 
proportion of fine-grained material in the swales. Swales are areas 
of deposition and collect particulate matter (with associated 
hydrocarbons) from the water column and from nearby sediments 
experiencing greater bottom turbulence, i.e. ridges. The 
finer-grained sediments tend to contain more small organisms, bacteria 
and total organic material than the coarser-grained sediments. 
Fine-grained sediment also offers greater surface area by weight for 
the adsorption of hydrocarbons. The correlation of sediment grain 
size with hydrocarbon content is developed below. 
Hydrocarbon concentrations correlate with percentage of silt and 
clay in sediments, total organic carbon (TOC), and total nitrogen (TN) 
contents. Correlation coefficients for aliphatic and aromatic 
hydrocarbon contents vs. per cent silt and clay, TOC and TN are shown 
in Table 14-23. Coefficients were derived from replicate means for 
each station by product-moment calculations (Sokal and Rohlf 1975); 
they show positive correlations, with a probability of greater than 
99.9%. Correlation between hydrocarbons and silt-clay was anticipated 
from that of the previous year's study; those with TOC and TN are 
likely to be secondary, since they are themselves correlated with silt 
and clay content (see Chapter 13). 
Correlation with Particulate Hydrocarbons 
No correlations between sediment hydrocarbon concentrations· and 
near-bottom particulate hydrocarbon concentrations were found. This 
result can be anticipated, since samples for particulate hydrocarbons 
were not collected close enough to the bottom to be influenced by the 
sediment. Observations of possible relationships are obscured for 
several reasons: 
1) Sampling of particulates and sediment was not synchronous. 
2) Observations of sediment movement by Folger (1977) indicate 
that appreciable s.uspension of sediment occurred only during 
peaks of severe storms. Sampling of particulate matter was 
never conducted under such conditions. 
3) The water sampling apparatus was not designed to sample 
close to the bottom (i.e., less than 2m). Precise 
sampling of water very close to the bottom requires equip-
ment specialized for this purpose. 
Correlation with Trace Metals 
Selected trace metals were examined for correlation with 
aliphatic and aromatic hydrocarbon contents of sediments. Most 
leachable metal concentrations and a few total metal concentrations 
showed a good correlation with aromatic and aliphatic hydrocarbon 
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Table 14-23. Correlation coefficients of independent variables with 
total resolved GC aliphatic and aromatic hydrocarbons 
in sediments. 
Independent Variable 
Percent silt/clay 
Total organic carbon 
Total organic nitrogen 
Aliphatic 
Hydrocarbons 
o. 77 
0.82 
0.56 
Aromatic 
Hydrocarbons 
0.52 
0.57 
0.60 
*Correlations are significant at 95% confidence level when coefficient 
is greater than 0.30. 
concentrations. Discussion of these correlations is given in detail 
in Chapter 13. 
Effects of Water Circulation Patterns 
The effects of water circulation patterns on the distribution of 
petroleum hydrocarbons in sediments are not clear. 
Water circulation patterns in the study area are poorly known. 
Data by Bumpus (1973) and Boicourt (1975) suggest that bottom water 
generally moves southwesterly. However, this trend can be altered by 
storms and other meteorological phenomena (Folger 1977). 
Because there is no observed gradient of sediment petroleum 
hydrocarbons with respect to known petroleum sources (e.g., dump 
sites, Hudson Canyon), the effect of bottom water circulation on 
petroleum transport appears small. 
Significant Findings 
1. Findings in general confirm those made in the previous year. 
2. Levels of both total aliphatic and aromatic hydrocarbons in 
sediments were generally less than 1 ~g/g. 
3. Both aliphatic and aromatic hydrocarbon concentrations were 
correlated with the amount of silt-clay in sediments. This 
accounts for the higher hydrocarbon concentrations at deeper 
stations ()200m). Areas of high silt-clay content, such as 
swales, are likely to be environmentally sensitive to hydrocarbon 
additions. 
4. Biota samples, notably zooplankton, shrimps and fish, contain 
large amounts of pristane, relative to other aliphatic 
hydrocarbons. Olefinic hydrocarbons dominate the aromatic 
fractions. 
5. Sufficient evidence to determine an adequate number of organisms 
to be pooled to obtain a representative hydrocarbon concentration 
was not found in this study. It is recommended that five or more 
individuals be pooled in future work. 
6. The U.S. Middle Atlantic continental shelf petroleum levels in 
water samples, sediments, and biota are low or non-detectable. A 
few samples contained evidence of oil contamination but this 
occurrence showed no pattern and may be an artifact of sampling or 
analysis. 
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SUMMARY 
Hydrocarbon concentrations and compositions have been measured in 
several types of samples from the u.s. Middle Atlantic Continental 
Shelf. Results of the second year of this study are summarized here, 
and are compared with the conclusions of the first year. 
Dissolved hydrocarbon concentrations were in the low ppb range, 
similar to those measured in the first year. Particulate hydrocarbon 
concentrations were in the sub-ppb range, one to two orders of 
magnitude lower than those of the first year's study. These lower 
values probably reflect the improved capabilities of the sampling and 
analytical procedures, as increased caution was employed at every 
step. Zooplankton hydrocarbon concentrations were highly variable, 
ranging from ppm to ppt based on dry weights. Zooplankton 
hydrocarbons consisted mainly of pristane and biogenic olefins. 
Concentrations in samples from cruises 05 and 06 (fall and winter) 
were similar to those for the previous year; those from cruises 07 and 
08 (spring and summer) were generally larger because of an intrusion 
of northern Calanus community with higher lipid content. Neuston and 
surface films were analyzed to obtain probable hydrocarbon 
compositions; too few samples were analyzed for broad generalizations 
to be made. Hydrocarbon concentrations and compositions of benthic 
epifauna were highly variable between species and between seasons. 
Concentrations were in the low ppm dry weight range, comparable to 
those measured in the first year. Sediment hydrocarbon concentrations 
were low, in the sub-ppm dry weight range. Concentrations were quite 
similar to those measured in the first year's study. Sediment 
hydrocarbons contained characteristic n-paraffins, biogenic olefins, 
and polynuclear aromatics. 
Hydrocarbon compositions of samples of all types were similar in 
many respects. Biogenic compounds, such as pristane, and certain 
n-alkanes were ubiquitous, but their relative concentrations varied. 
Aromatic compounds were identified in sediments, dissolved and 
particulate samples, but not in any biota samples because large 
olefinic peaks masked the aromatics. 
In sediments, correlations were found between concentrations of 
both aliphatic and aromatic hydrocarbons and several trace metals, 
percent silt-clay, total organic carbon, and total organic nitrogen. 
These correlations support the conclusions of the previous year's 
study. 
Several samples were obviously contaminated by petroleum, possibly 
during sampling or analysis, but these were atypical. Most showed 
little or no evidence of the presence of petroleum. Biogenic 
hydrocarbons were the major constituents of most samples, but the 
presence of low levels of petroleum cannot be ruled out, since many 
biogenic compounds are also constituents of petroleum. Commonly 
recognized indicators of petroleum are ambiguous at low levels of 
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contamination. For example, low CPI values, characteristic of 
petroleum, may also result from the presence of even n-alkanes from 
recent marine sources. If petroleum concentrations are small, 
unresolved complex envelopes may not be detected. When biogenic 
hydrocarbons are present in large amounts compared to petroleum, 
ratios such as pristane:n-C17' phytane:n-c1s and pristane:phytane have 
little significance as indicators of petroleum contamination. The 
presence of aromatic compounds, particularly unsubstituted polynuclear 
aromatics, may be due to sources other than petroleum. 
Fundamental difficulties exist in the state-of-the-art 
interpretation of results of hydrocarbon analyses. The main problem 
is the inability to compare and correlate samples if multiple 
parameters are involved. Gas chromatography of hydrocarbons yields 
concentration values of a large number of different compounds. 
Fingerprints (i.e., the characteristic relationships among peaks) vary 
both between sample types and among samples of the same type. Since 
simultaneous comparison of all peaks is impossible, parameters must be 
correlated one at a time, independent of variations in the other 
parameters. Therefore, conclusions concerning overall differences 
between chromatograms are somewhat uncertain. An attempt was made to 
resolve these problems using a biometric technique that was devised to 
measure similarity of biological communities, substituting individual 
hydrocarbon concentrations for species. Satisfactory results have not 
yet been obtained. 
The results of two years hydrocarbon baseline study in the U.S. 
Middle Atlantic Continental Shelf show that the region is relatively 
free of petroleum. Hydrocarbons, not necessarily derived from 
petroleum, were associated with fine-grained sediments and are 
generally most abundant in areas of low topography, such as swales and 
the continental slope. Production of petroleum by offshore drilling 
will probably increase levels of hydrocarbons in that region. The 
magnitude and effects of this increase cannot be predicted without 
knowledge of the amount and types of petroleum that will be released 
during drilling. The collected data provide a benchmark against which 
future studies may be compared to determine effects of release 
petroleum. It is probable that increases in petroleum levels will be 
greatest in sediments from regions of low topography. 
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SECTION II 
COMPOUND VERIFICATION AND IDENTIFICATION 
Rudolf H. Bieri 
M. Kent Cueman 
INTRODUCTION 
In the qualitative analysis of samples, the central principle of 
our first year effort to provide the most detailed possible body of 
information within the constraints of the contract, has again been 
followed. These constraints, however, were quite real and sacrifices 
had to be made. Thus, the presented results are influenced by our 
decisions and are by no means complete. Hydrocarbons that are 
commonly encountered in petroleum have been emphasized relative to 
those that have an obvious biogenic origin (e.g. olefins and 
polycycloalkenes). A special effort has been made to identify some of 
the many triterpanes and triterpenes that are present in some of the 
extracts, mainly because they may be the most characteristic 
indicators of petroleum we have at our disposal (Dastillung and 
Albrecht 1974). Polynuclear aromatic hydrocarbons (PNA's) that are 
known to form during the pyrolysis of carbon have received more 
attention not only because of their non-petrolic origin and different 
transport mechanism, but also because of the carcinogenicity of some 
members within this class. While an effort has been made to identify 
as many isoprenoids as possible, the geochemically interesting 
olefinic isoprenoids have received insufficient attention because 
their identification would require additional chemical work, at least 
initially. The same is true for most biogenic compounds, where 
additional separation steps as well as hydrogenation and even 
synthesis would be necessary to get a better idea of what the spectra 
represent. This clearly was outside the requirements of the contract. 
It should be made clear that although the investigators' best 
efforts went into the compound identification, it is by no means 
complete. The best compromises were sought in light of the intrinsic 
limitations on qualitative analyses of complex, partially unresolvable 
fractions. 
For this discussion, a chemical pollutant is defined as an 
element, inorganic or organic compound that enters the environment as 
a direct or indirect consequence of man's activities. 
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METHODS 
Compound Identification 
A 21-492-B mass spectrometer (DuPont) with a 21-094B data system, 
interfaced to a model 2740 (Varian) gas chromatograph modified for 
wall coated glass capillaries was used. After sample injection and 
passage of the solvent front, the mass spectrometer was operated in a 
continuous scan mode, covering the mass range from m/e = 30 to m/e > 
550 at 1 sec/decade at a resolution R~1o3. An approximately 20 m long 
capillary coated with SE-52 liquid phase and an i.d. of 0.32 mm 
provided the separation. The effluent of the GC column was 
transferred via a 0.12 mm i.d. platinum capillary, heated to 250°C, 
directly into the mass spectrometer source. In order to prevent 
evacuation of the glass capillary, a Henneberg-type interface was 
employed (Henneberg et al. 1975). Electrons of 70eV in an electron 
impact source formed the fragments observed in the mass spectra. 
Fragment masses were calibrated with a perfluoroalkane mixture (PCR 
product No. 1233). 
All data were first stored on a magnetic disc and, after 
analysis, transferred to magnetic tape. With a total storage capacity 
of 2.5 x 106 words, about 2-3 GC runs from a capillary can be recorded 
on a disc. The tape can accommodate the information from a total of 
seven discs. Since the copying process is reversible, information 
stored on tape can be transferred to a disc anytime this becomes 
desirable, for example, for further data analysis. 
For compound analysis, two different approaches were used. 
First, the mass spectrum of each peak in the reconstructed 
chromatogram was generated and printed out if the number of ions was 
sufficient to generate an intelligible mass-spectrum. This was 
followed by a preliminary identification of the compound. Second, 
after the identity of a number of compounds in a particular sample 
type was known, a systematic search for missing isomers (or other 
compounds that logically should be present) was performed. This was 
done by using specific mass-searchers and retention data. The latter 
information is essential since individual isomers frequently have 
similar mass spectra. Slight differences in their appearance cannot 
be trusted because of possible distortion due to superimposition, 
background subtraction, noise, or rapid effluent changes during the 
mass scan. In some cases, peak superimposition in the chromatogram is 
such that a compound would be missed if only the first approach was 
used. Peaks in the mass chromatograms were then compared to the 
reconstructed chromatograms. If they coincided, a mass spectrum was 
printed and the compound identified if possible. However, if a peak 
in a mass-chromatogram coincided with a valley between two adjacent 
peaks in the reconstructed chromatogram, no spectrum was printed. 
Thus, listed compounds are all present in peaks from the reconstructed 
GC's and should correlate with the chromatograms that were 
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independently derived for the quantitative evaluation of trace 
compounds. 
A number of problems were encountered in this correlation. 
Although glass capillaries of similar length and with identical phases 
were used for both the quantitative and the qualitative analyses, 
discrepancies in the retention of some peaks--mainly those of 
n-alkanes (used as internal standards) and of polyolefins relative to 
the retention of aromatics--have been noted. This indicates that the 
use of retention indices (Kovats 1958) based on n-alkanes is of little 
value for the characterization of aromatic compounds. Where 
superimposition of aliphatic internal standards or polyolefins with 
aromatics occurs, the correlation of peaks identified by GC-MS and 
those present in the chromatograms serving the quantitative analysis 
can become very difficult. Relative retention time shifts between 
classes of compounds distort the characteristic peak patterns used to 
correlate the GC and GC-MS records. 
For the aromatic fraction, this problem was solved by using 
unsubstituted polycyclic aromatic compounds as markers. In a 
preliminary study, it was established that the relative retention of 
aromatics for SE-52 is very reproducible, even if such columns are 
used under different conditions (Bieri et al., in preparation). For 
example, if the retention distance from phenanthrene to pyrene is used 
for normalization, polycyclic aromatics between phenanthrene and 
benzo(ghi)perylene found in three publications (Giger and Shcaffner 
1975; Lee and Novotny 1976; Lee and Hites 1976) correlate well with 
data from our laboratory. Thus, retention information from the above 
publications was used for the correlation of peaks between the 
reconstructed and regular chromatograms. Such information was also 
employed in the identification of specific isomers. At this point, it 
should be explained why we did not make use of available GC-MS 
software to identify compounds by computer. Several reasons can be 
given: 
1. Identification by computer requires that the scan number of 
the peak and the scan number of the background be specified. The 
computer then takes considerable time to compare the two strongest 
lines in each 14 mass-unit interval (Hertz et al. 1971) and finally 
comes up with several choices. The same two commands also give an 
immediate bar graph of the mass-spectrum which, in the case of an 
aromatic fraction, can be recognized almost instantly by an 
experienced operator. Thus, in most cases, the individual approach is 
much faster. 
2. When several isomers must be distinguished, the computerized 
identification is of no help because the retention parameters are not 
built into the software. 
3. The computer identification comes up with a considerable 
amount of nonsense for superimposed mass-spectra, ?r for mass-spectra 
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whose structure-specific information is buried in noise (for example, 
in most aliphatics). 
4. Where identifications by computer have a low probability, 
either due to (3) or to the absence of a reference spectrum in the 
library, the mass-spectra must be manually inspected in addition. 
Thus, computer identification in its present form has been found 
to be more time-consuming and less reliable. 
As an alternative approach, services of Cyphernet MSSS were 
contracted to augment our manual methods of identification for work 
covered in this report. The results, however, were not very 
encouraging, as an overwhelming majority of mass spectra that could 
not be identified by manual interpretation also failed to be 
identifiable with MSSS. Several reasons can be given: 
1. One can seldom be absolutely sure that one is looking at the 
mass spectrum of just a single compound. Hence, the problems are 
similar to those encountered with the library search incorporated in 
our data system. 
2. Hydrocarbons present in the marine environment, with the 
exception of a few ubiquitous compounds that are also common to 
petroleum, are not well represented in the MSSS library. 
3. Many of the hydrocarbons extracted from marine samples, 
especially those from sediments, may be modified, transient forms of 
organic compounds synthesized by marine fauna and flora. Again, such 
compounds would not be expected to be well represented in the MSSS 
library. 
4. Analytical methods, chosen for their efficiency to extract 
and separate saturated and aromatic hydrocarbons, may lead to the 
creation of heterolytic derivatives and artifacts that are not common 
and therefore are not likely to be included in the MSSS library. 
Although the assignment of a mass spectrum to a compound or 
compound type is usually attempted under the assumption that we are 
dealing with hydrocarbons, there are indications that many of the 
unidentifiable mass spectra are in fact heterolytic compounds 
containing nitrogen and oxygen. Such evidence comes from both 
individual inspection and MSSS searches. Within the limits of the BLM 
program, it is impossible to provide more positive proof that this is 
actually the case. 
As in our last report (Bieri 1977), identifications are based on 
sever~! criteria that are listed below. It is evident that 
assignments of spectra to hydrocarbon types, with the exception of 
branched alkanes, are not well defined and are offered here only as 
highly tentative hints replacing an otherwise monotonous "not 
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identifiable." In addition to the mostly empirical rules given below, 
it was presumed that the compounds were hydrocarbons and that cyclic 
structures in the aromatic fraction had to be unsaturated (as deduced 
from column chromatography). Exceptions were made in the cases of 
methyl esters, some sulfur compounds, chlorinated hydrocarbons, and 
dibenzofuran where mass spectral characteristics unequivocably 
identified their heteroatomic composition. Mass spectra that have 
unusual features and are found in different sample types have been 
emphasized in this report even though the structure remains unknown. 
Details will be found in the discussion. (See Table 14-24.) 
Mass spectra and retention times were correlated by plotting and 
confirmed where possible by comparison to standards (Figure 14-63). 
In a first approach, the mass spectra were scanned individually and a 
compound name was assigned if possible. The compound was then marked 
on a line, with its position given by a normalized scan number. In 
the final approach, scan numbers were replaced by a relative retention 
index based on n-alkane positions (Kovats 1958) for hexane fractions 
and on a series of unsubstituted aromatics (Bieri et al. 1978) for 
benzene fractions. Before transferring this information to the 
tables, the plots were checked for inconsistencies. Similar plots for 
mass spectra that could not be identified allowed selection of 
compounds that either were characteristic for a particular sample type 
or that were common to several sample types. 
Definition of Terms Used in Tables 
Aliphatic Fractions 
1. A compound is positively identified (is given a name) 
if: 
a. The mass spectrum and the retention time coincide with 
information derived from standards. 
b. The mass spectrum is unambiguous and the 
retention time agrees with estimates based on 
published information or secondary standards. 
c. An exception to these criteria has been made for some 
polycyclic aliphatic compounds possessing a hopane 
structure. Since no authentic standards were available, 
retention times were established with a branched-cyclic 
fraction of a crude oil. This can be justified for the 
following reasons: 
--17a hopanes are the most common polycyclic aliphatic 
structures in petroleum. While other geologic sources 
(shales, kerogen in unmetamorphosed rocks) may contain 
substantial amounts of the 17S epimer, petroleum contains 
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Table 14-24· Key to compound identifications. 
Identities of compounds were confirmed where possible by 
comparison with retention data from our laboratory and by published data 
of other researchers (Lee and Novotny 1976; Lee and Hites 1976; Giger and 
Schaffner 1978). Compounds identified in Tables 14-B1 to 14-B92 are 
listed in 3 groups: aromatic hydrocarbons, alphatic hydrocarbons, and 
heterolytic compounds. The method of identification is indicated by the 
following keys: 
A - mass spectrum + retention data from our laboratory 
B - mass spectrum + retention based on estimates from published 
data or secondary standards 
C - mass spectrum alone 
D - mass spectrum + retention data established with a branched-
cyclic fraction of crude oil. 
Aromatic Hydrocarbons 
acenaphthene 
methyl-acenaphthene 
anthracene 
benzo(a)anthracene 
hexamethyl benzene 
binaphthyl 
biphenyl 
methyl biphenyl 
Cz biphenyls 
c3 biphenyls 
C4 biphenyls 
chrysene 
methyl chrysene 
Cz-chrysene, Cz-benzoanthracene, or 
Cz-benzophenanthrene 
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!dent. Method 
A 
B 
B 
B 
A 
B 
A 
B 
B 
B 
B 
A 
A 
B 
Table 14-24· Continued 
Aromatic l1ydrocarbons 
fluoranthene 
benzofluoranthene 
benzo(ghi)fluoranthene 
benzo(j)fluoranthene 
benzo(k)fluoranthene 
C2 fluoranthenes 
methyl fluoranthene 
fluorene 
benzo(a)fluorene 
benzo(b)fluorene + 2-methyl-pyrene 
methyl-fluorene 
c2-fluorenes 
!-methyl naphthalene 
2-methyl naphthalene 
Cz-naphthalenes 
c3-naphthalenes 
c4-naphthalenes 
Cs-naphthalenes 
ethyl naphthalene 
methyl-propyl naphthalene 
dimethyl 1,2,3,4 tetrahydronaphthalene 
perylene 
benzo(ghi)perylene 
phenanthrene 
benzo-phenanthrene 
4H-cyclopentaphenanthrene 
methyl-4H-cyclopentaphenanthrene 
C2-4H-cyclopentaphenanthrene 
methyl-benzo-phenanthrene 
1-methyl phenanthrene 
2-methyl phenanthrene 
3-methyl phenanthrene 
9-methyl phenanthrene 
Cz phenanthrenes 
c3 phenanthrenes 
pyrene 
!-methyl pyrene 
4-methyl pyrene 
Cz pyrenes 
benzo(a)pyrene 
benzo(e)pyrene 
cyclopenta(c,d)pyrene 
methyl-benzo-pyrene or methyl-benzo-fluoranthene 
triphenylene 
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Ident. Method 
B 
B 
B 
B 
B 
B 
B 
B 
A 
A 
B 
B 
A 
A 
B 
B 
B 
B 
B 
c 
c 
A 
A 
A 
B 
B 
c 
c 
B 
A 
B 
B 
B 
B 
B 
A 
B 
B 
B 
A 
A 
B 
B 
A 
Table 14-24. Concluded 
Aliphatic Compounds 
normal alkanes 
cholestadiene 
2-rnethyl-eicosane 
3-rnethyl-eicosane 
1-eicosene 
2-rnethyl-heptadecane 
3-rnethyl-heptadecane 
2-rnethyl-hexadecane 
3-rnethyl-hexadecane 
(17a, 21S)-homohopane 
(17a, 21S)-hopane 
(17a, 21S)-norhopane 
(17a, 218)-trisnorhopane 
Cl6-isoprenoid 
Cis-isoprenoid 
2-rnethyl-octadecane 
3-rnethyl-octadecane 
1-octadecene 
phytane 
pristane 
tridecene 
C3o-triterpene or hop-17(21)-ene 
Heterolytic Compounds 
trichlorobiphenyl 
tetrachlorobiphenyl 
pentachlorobiphenyl 
hexachlorobiphenyl 
heptachlorobiphenyl 
DDE 
dibenzothiophene 
methyl-dibenzothiophene 
c2 dibenzothiophene 
c3 dibenzothiophene 
dibenzofuran 
c2-indan 
c3-indan 
2,6 ditert-butyl-4 methyl-phenol 
4 tert-butyl-2-phenyl-phenol 
dichloropropene 
di-tert-arnyl-quinone 
naphtho-thionaphthalene 
Ident. Method 
A 
c 
A 
A 
c 
c 
c 
c 
c 
D 
D 
D 
D 
B 
B 
A 
A 
c 
A 
A 
c 
c 
I dent. 
c 
c 
c 
c 
c 
c 
B 
B 
B 
B 
c 
c 
c 
c 
c 
c 
c 
c 
Methods 
Figure 14-63. Mass spectrum of diben~ofuran from sample 08-H2-3 sed. 
benz. 
14-143 
only the more stable 17a end product (Ensminger et al. 
1974). 
--Beginning with homohopane, petroleum contains both R 
and S stereomers with about equal abundance. 
--Once the isomeric form has been established (17a or 
17S), the mass spectra contain enough information to 
arrive at an identification. (17a)-trisnorhopane for 
example, has a strong fragment m/e = 149, a base peak at 
m/e = 191 and an M+ and ~-15 of 370 and 355 
respectively. Hopane has fragment m/e = 191 as base and 
an M+ and ~-15 of 412 and 397, respectively. The 
(17a)-homohopanes also have m/e = 191 as basepeak, but 
m/e = 205 is also prominent and M+ and ~-15 are 426 and 
411. All hopanes possess a small but characteristic 
fragment at m/e = 369, although cycloartane and moretane 
share this feature (Kimble et al. 1974). Thus, while the 
identification of the hopanes must remain tentative, 
these facts are lending strong support to its 
correctness. 
2. If the mass spectrum of a compound is not identifiable 
(it could not be found in the reference library or it 
could not be identified by the Cyphernet MSSS system), an 
attempt has been made to use certain characteristics in 
the spectrum to at least suggest the compound type. 
Criteria for such assignments are: 
a. "Branched alkane": major fragments at m/e = CnH(2n+1) 
(43,57,71,85,99,113,127 ••• ) and some enhanced 
lines at positions CnH(2n+1) for m/e > 100. 
b. "Cycloalkane": pronounced m/e = 82 and major 
fragments at m/e = 83, 97, 111, 125 ••• 
c. "Olefin": major fragments at m/e = CnH(2n-l) (41, 55, 
69, 83, 97 ••• ) and enchanced fragments at CnH2n• 
d. "Polycycloalkane or -alkene": groups with major 
fragments at m/e = 55, 69, 81, 95, 109, 121, 123, 
163, 177, 179, 189, 191, and distinct fragments at 
m/e > 200. 
e. "Triterpane or sterane": structure specific major 
fragments present at m/e = 149, 177, 191, 205, 217, 
231 ••• but mass spectrum does not agree in detail 
with any published information. 
f. "Mixture" or "not identifiable" if no clues can be 
found. In the latter case, the baseline is often 
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given. In cases where one compound type can be 
clearly recognized, "mixture" is replaced by 
"compound type" + ••• (for example, branched alkane 
+ • • • ) • 
Aromatic Fractions 
1. A compound is positively identified if: 
a. the mass spectrum and the retention time coincide with 
information derived from standards. 
b. the mass spectrum is unambiguous and the retention time 
agrees with estimates based on published information or 
secondary standards. 
c. the mass spectrum is unambiguous. 
2. If the mass spectrum of a compound is not identifiable, 
several suggestions are offered: 
a. "M.W •••• : spectrum is typical of an aromatic 
compound, but retention is off. 
b. "Olefin or cycloalkene": prominent fragments at m/e 41, 
55, 67, 69, 79, 81, 83, 93, 95, 97, 107, 109, 111 ••• , 
even fragments due to rearrangement reactions. 
c. "Polycycloalkene": if numerous fragments are present at 
m/e < 100 and distinct fragments in the region m/e > 150. 
Partially aromatized polycyclic aliphatic structures 
would be included in this group. 
d. "Not aromatic": spectrum is too complex for an aromatic 
hydrocarbon. In such cases, the base peak may be given. 
e. "Mixture": superimposition of two or more mass spectra is 
apparent. In cases where one or more compounds can be 
recognized, the compound names are listed, followed by + 
••• to indicate that we are looking at a mixture. 
RESULTS 
Surface Layer 
Benzene Fraction 
The two samples analyzed (06-C1 and 06-E3) show an abundance of 
chlorinated hydrocarbons as major components that were not readily 
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identifiable. It is suspected that these chlorinated hydrocarbons are 
photolyzed or metabolized remnants of pesticides. Both samples 
contain dichloropropene, a toxic compound used as a soil fumigant in 
agriculture (nematocide). Although a few phenanthrenes and phthalate 
esters were also found in these samples, they are of minor abundance. 
Hexane Fraction 
These fractions (same samples as above) are characterized by 
the presence of n-alkanes between pentadecane and hentriacontane with 
a smooth distribution. This suggests the. presence of an oil film. 
Other evidence for an oil film may be derived from two hopanes, 
(17a )-norhopane and (17a )-hopane, that are minor constituents of 
both samples (Dastillung and Albrecht 1974). Although their 
concentration is small, both mass spectrum and RI allow unambiguous 
identification. In addition to pristane and phytane, both samples 
have a clearly identifiable mass spectrum of the C18-isoprenoid. 
Several cycloalkanes are indicated, but could not be further 
characterized. 
Dissolved Hydrocarbons 
Benzene Fraction 
These fractions (Tables 14-B1 through 14-B2) are characterized by 
extreme variability in qualitative and quantitative composition. At 
one end, the only identifiable compounds are those of the added 
standard and known contaminants (08-11 is known to have been 
contaminated with a standard mixture in the laboratory). At the other 
extreme are fractions that contain highly substituted naphthalenes, 
biphenyls and dibenzothiophenes, which are likely to derive from oil 
contamination (in such cases, the presence of an unresolvable envelope 
in the chromatograms suggests the same interpretation). However, two 
surface water samples (05-C1 and 08-11, the latter after consideration 
of introduced contamination) contain a component that is likely to be 
of pyrolytic origin. Biphenyl (but no substituted biphenyls) was 
found to be a characteristic of samples that otherwise contained 
little contamination. 
Unsaturated hydrocarbons eluting in some benzene fractions were 
found to be very unstable as judged by comparison of original 
chromatograms with those derived simultaneously during the GC-MS run. 
Hexane Fraction 
All fractions contain n-alkanes (with a CPI close to 1) 
superimposed on a more or less pronounced hump. Also present 
regularly are C18 isoprenoid, pristane, and phytane, and three samples 
14-146 
that had been judged to contain oil by inspection of the aromatic 
fraction in addition had C16 isoprenoid (bottom water samples 06-F2 
and 06-A2). These two samples, however, did not contain any evidence 
for hopanes. The two most abundant hopanes commonly encountered in 
sediments - norhopane and hopane - were detected in two surface 
samples (05-11 and 05-16), and in one bottom sample, (05-C1), the 
homohopanes were also detected. 
Sediments 
Benzene Fractions 
Many of the samples analyzed by GC-MS appear to contain petroleum 
(Tables 14-B26 through 14-B40) as indicated by the presence of 
numerous substituted compounds. However, we point out that the tables 
may give a misleading impression for three reasons: 
1. Samples that had complex chromatograms were preferentially 
selected for analysis by GC-MS. 
2. Aromatic compounds are detected with a higher sensitivity 
(less fragmentation, therefore a large percentage of the total ion 
current packed into a few ions) than compounds that yield numerous 
fragments. They are also easier to identify. 
3. The tables contain qualitative information only. 
Thus, some bias is introduced in the sample selection process, 
and additional bias is caused by the higher sensitivity and easier 
recognition of mass spectra. This must be kept in mind. 
Olefins eluting in the benzene fraction are affected by another 
type of discrimination. A comparison of reconstructed chromatograms 
developed in the GC-MS run and those used for quantitative analysis 
often reveal large differences in peaks containing olefins. This 
could either be due to their lesser chemical stability (and 
consequently shorter lifetime) in the sample or to adsorption in the 
platinum capillary interface between the gas chromatograph and the 
mass-spectrometer (Grob 1976). · 
In general, all of the sediment extracts examined contain the set 
of PNA's that in our last report has been interpreted to be of 
pyrogenic or1g1n (Bieri 1977): phenanthrene, methylphenanthrene, 
4H-cyclopentaphenanthrene, methyl-4H-cyclopentaphenanthrenes, 
fluoranthene, pyrene, methyl fluoranthenes, methyl pyrenes, 
benzo(a)fluorene, benzo(b)fluorene, benzo(ghi)fluoranthene, 
benzo(a)anthracene, chrysene/triphenylene, methyl chrysene/methyl 
triphenylene, benzo(j)fluoranthene, benzo(k)fluoranthene, 
benzo(e)pyrene, benzo(a)pyrene, perylene, and benzo(ghi)perylene to 
name just the most representative compounds. Where some members of 
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this set are missing in the tables, it does not indicate that they are 
actually absent. Such gaps are mainly due to superimposition of other 
(mostly biogenic) compounds, causing the PNA to elute in a valley or 
to have a mass spectrum that cannot be recognized. (Even if a mass 
chromatogram indicates the presence of a particular compound, it is 
not mentioned in the tables unless the mass spectrum contains enough 
additional information for identification). 
Other aromatic hydrocarbons identified include naphthalenes (up 
to Cs), biphenyls (up to C4), acenaphthenes (Cl), and fluorenes (up to 
C3). Heterolytic compounds (Figures 14-63 through 14-68) include 
dibenzofuran, dibenzothiophenes (up to C3), chlorinated hydrocarbons, 
and phthalate esters. In one sample (05-Fl-1) we found a mass 
spectrum that represents di-tert-amylquinone. 
Many of the benzene fractions also contain mass spectra that 
appear to be aromati~ but have molecular weights that cannot be 
assigned to known compounds. Naphtheno-aromatics are likely 
contenders for this group. In other cases, both the mass spectrum and 
the molecular weight can be assigned to a particular compound, but the 
retention time is either too short, too long, or unavailable. 
Finally, the tables contain references to nonaromatic compounds 
that are not identifiable. In this case, the base peak and-if 
identifiable-the molecular weight are supplied. 
Hexane Fraction 
All fractions contain a broad range of normal alkanes from a 
varying lower limit (tridecane, tetradecane, ••• ) to an upper limit 
given by the chromatographic conditions, n-C32 (Tables 14-B41 through 
14-B53). The isoprenoids farnesane (tentatively identified), 
C16-isoprenoid, and Cis-isoprenoid have been detected in some samples, 
pristane and phytane are clearly present in all. Indications for 
higher molecular weight isoprenoids were encountered in the inspection 
of the mass spectra, but in absence of retention data and in view of 
the impurity problems that have been described in our last report, 
they are mostly listed as "branched alkanes" with the possible 
addition of "isoprenoid?" in some cases. Branched alkanes are 
abundant minor components in most fractions and are listed as such 
without further attempts to interpret their spectra in detail. The 
same applies to cycloalkanes. 
Triterpanes and other polycycloalkanes, although in general minor 
components in these fractions, are found in all sediment extracts. 
Their mass spectra are found in Figures 14-69 through 14-74. Within 
these compound types, the hopanes are the only structures that have 
been tentatively identified from available clues described in the 
methods section. Similar to what has been pointed out about aromatic 
compounds, they allow detection with higher sensitivity than other 
(TEXT CONTINUES ON PAGE 14-160) 
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Figure 14-64. Mass spectrum of dibenzothiophene from sample 08-H2-3 
sed. benz. 
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Figure 14-65. Mass spectrum of methyl-dibenzothiophene, sample 
08-Jl-2 sed. benz. 
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Figure 14-66. Mass spectrum of c3-dibenzothiophene, sample 08-Jl-2 
sed. benz. 
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Figure 14-67. Mass spectrum of di-n-octyl-phtha1ate, sample 
06-Inter-1 sed. benz. 
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Figure 14-68. Mass spectrum of unidentified chlorinated compound, 
sample 05-Fl-1 sed. benz. 
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Figure 14-69. Mass spectrum of (17q, 2l~) trisnorhopane, sample 
08-J1-2 sed. hex. Although the spectrum is not pure, 
the molecular ion at m/e = 370, the fragments at m/e -
355 and 149, and the base peak at m/e = 191 plus the 
elution distance identify the compound. 
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Figure 14-70. Mass spectrum of (17a ~ 2l(3 )-norhopane, sample 08-Jl-2 
sed. hex. 
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Figure 14-71. Mass spectrum of (17a', 2iS )-hopane, sample 08-Jl-2 sed. 
hex. 
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Figure 14-72. Mass spectrum of (17~: 21S)-homohopane, sample 08-J1-2 
sed. hex. Two stereomers (R + S) are clearly separated 
by the capillary and provide the basis for the 
identification of the 17~ epimers. 
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Figure 14-73. Mass spectrum of the second (17a, 2l~)-homohopane 
epimer, being essentially identical to the one in 
Figure 14-72. 
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Figure 14-74. Mass spectrum of hop-17(21)-ene, eluting between 
norhopane and hopane on SE 52, sample 05-F3-4 sed. hex. 
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saturated hydrocarbons because a large fraction of the total ion 
current is represented in a few fragment ions, and these possess high 
specificity for structure. Aside from such discriminating factors, 
there remains the fact that they are present with high regularity. As 
the tables show, all homologues and their isomers are not always 
found, in most cases because they are superimposed on some other 
compound, resulting in an unrecognizable mass spectrum. Superimposed 
spectra, unfortunately, are more the rule than the exception in this 
elution region. Even samples that contain only the most stable forms 
(such as crude oils) suffer from this problem (Seifert and Moldowan 
1978). In sediments, the problem is compounded by the presence of 
many structures of intermediate or low stability, probably deriving 
from biogenic precursors that are olefinic and for this reason 
unstable. Two of the hopanes, however, always stand out with respect 
to their concentration: (17a)-norhopane and (17a)-hopane. A 
mono-unsaturated hopane containing 30 carbons and eluting at an RI of 
rv2950 also i·s. commonly present. The mass spectrum identifies this 
compound as hop-17(21)-ene (Ensminger 1974). In one table (14-B3), 
the presence of (18a)-trisnorhopane indicated. This assignment is 
mainly based on mass spectral details and the fact that oils contain 
these two isomers (Seifert and Moldowan 1978). Although many of the 
mass spectra contain strong fragments at m/e = 231 which in saturated, 
polycyclic fractions is indicative of a steroid structure 
(methyl-cholestanes, Kimble et al. 1974), some of the other fragments 
present do not fit such an interpretation. Since a strong fragment at 
m/e = 231 always is found in the C3o-hopene spectrum and asymmetric 
bond fission in hopanes could, in principle, lead to such a fragment, 
peaks that possess this characteristic are labeled as "triterpene" or 
"polycycloalkene", in addition to information on the identity of the 
base peak. Clearly, there are many questions left open in this 
interesting region. Finally, some of the samples are overwhelmed by 
the presence of many olefinic hydrocarbons of biogenic origin. 
Fauna 
Benzene Fractions 
In general, these fractions (Tables 14-B54 through 14-B67) 
contain very small amounts of aromatic hydrocarbons, but are 
overpowered by unsaturated compounds of probable biogenic origin. 
Chlorinated hydrocarbons are well represented in most samples, 
consisting mainly of PCB's and DDE. One of the samples selected for 
compound identification, 07-C2-Limulus (Table 14-B60), again turned 
out to contain numerous methyl esters of acids. Compounds identified 
after reprocessing of this sample are found in Table 14-B61. A large 
number of methyl esters were also encountered in an unidentified fish 
sample (05-BS, Table 14-BSS). 
It remains to be said that all attempts to identify nonaromatic, 
unsaturated structures have been unsuccessful, as was to be expected. 
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Hexane Fractions 
As Tables 14-B6a through 14-B7a show, n-alkanes are present in 
most samples except in 07-El-Astropecten americanus, where none could 
be found. Among isoprenoids, pristane in general is dominant, but 
phytane, C!6-isoprenoid and Cia-isoprenoid are also identified in some 
samples. n-Cls is unusually high (second highest peak in the 
chromatogram) in two fish samples (05-Neuston-BS-unidentified and 
05-Al-Urophycis regius) possibly suggesting a relationship to 
zooplankton where this trend is very pronounced. There is a great 
variety of cycloalkanes, polycycloalkanes, and unsaturated 
hydrocarbons present whose structure must remain unknown. One sample 
of Echinarachnius parma (07-Cl) possibly contains (17a)-hopane. 
Zooplankton 
Benzene Fractions 
What: has been said about tissue extracts applies even more 
extremely for plankton (Tables 14-B79 through 14-Bal). These samples 
are absolutely overwhelmed by unsaturated compounds of unidentifiable 
structure. Base peaks at m/e = 123 and molecular ions at m/e = 27a 
abound and serve as an indication that many of these biogenic 
molecules have common features. Aromatic hydrocarbons, except for 
phenanthrene in sample oa-L2-B202 (Table 14-Bal), are either absent or 
present at levels that, relative to those of the unsaturates, are too 
low for recognition. The presence of pristane in samples 06-L2-B505 
and oa-L2-B202 is due to overloading in the column chromatography. 
Although PCB's were common pollutants of tissue samples, none were 
found in plankton; the only chlorinated hydrocarbon detected is DDE in 
sample oa-L2-B202. 
Hexane Fractions 
All samples analyzed contain normal alkanes, but n-Cls in some is 
unusually high. Pristane is by far the most abundant compound present 
in all samples that are listed in Tables 14-Ba2 through 14-Ba6. The 
C16- and Cia-isoprenoids have been identified in some fractions. Two 
olefins, pentadecene and heptadecene, are clearly present in samples 
oa-L2-B202 and oa-cl-B505, but not in others. The same two samples 
contain an unidentifiable mass spectrum of a compound having m/e = 123 
as a base peak and a molecular weight of 27a, similar to many 
compounds encountered in the benzene fraction. 
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Control Samples 
Benzene Fractions 
The two samples analyzed, 06-Gillis hydraulic fluid and WD40 
lubrication fluid (Tables 14-B87 and 14-B88) mainly consist of an 
unresolvable mixture on which small peaks of progressively smaller 
height are superimposed. The hydraulic fluid in addition contains two 
major peaks of molecular weight 206 and 220 (plus an M-15 fragment as 
a base peak) that cannot be identified (due to their early elution). 
However, we know they are not simple aromatic hydrocarbons. WD40 at 
the lower end contains two unidentiable compounds with m/e = 205 as a 
base peak, biphenyl and some C2-naphthalene. In both samples, the 
small peaks riding on the unresolvable envelope are identified as 
mostly substituted biphenyls, naphthalenes, phenanthrenes, fluorenes, 
and fluotoanthenes, with the unsubstituted compounds also present, but 
at levels that are considerably lower than the substituted members. 
Unusual in the WD40 sample is the presence of cyclopenta(def) 
phenanthrenes, compounds that we considered characteristic of 
pyrolytic PNA's. Gillis hydraulic fluid, on the other hand contains a 
variety of dibenzothiophenes (up to C3 substitution) that are not 
present in WD40. Most of the characteristic and common PNA's 
encountered in benzene fractions of sediments appear to be absent in 
these oils. 
Hexane Fractions 
All three fractions (Tables 14-B89 through 14-B91) contain 
n-alkanes with CPI's close to 1. In the sediment blank, all other 
peaks are barely perceptible, including the phthalate ester also 
listed in Table 14-B91. In the fuel oil and WD40 samples, four 
isoprenoids were also identified: C16-isoprenoid, C1s-isoprenoid, 
pristane, and phytane. The range of n-alkanes is limited, peaking at 
tetradecane in the fuel oil and at nonadecane in WD40. Branched 
alkanes are ubiquitous minor components of both samples. 
DISCUSSION 
Among the priorities of this chapter is an attempt to understand 
how and to what extent man's activities affect the complex hydrocarbon 
makeup in the marine environment. A short review may be helpful at 
this point. 
Polluting hydrocarbons, or organic compounds in a more general 
sense, can enter the marine environment in different ways. Spillage 
of crude or refined petroleum normally occurs at the sea-surface, 
where compositional alteration through physical, photochemical, or 
biochemical processes occurs and from where it may be transported in 
various ways into the water column and eventually into the sediments. 
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Sinking of a ship places the pollution source directly at the bottom, 
where the oil may enter the marine environment in unmodified form. 
Except for differences in composition, the later mode of introduction 
would be hard to distinguish from input through natural seeps. 
Rivers are the main sinks for hydrocarbons from runoff and 
effluents and thus they eventually serve as main avenues of pollutant 
introduction to the marine environment. Although rivers may receive a 
petroleum hydrocarbon input in similar ways as described for the 
ocean, a substantial fraction of the total load is likely to enter the 
river in adsorbed form from land-runoff, and in both adsorbed and 
dissolved form from effluents. Such sources are likely to have a 
simpler composition (as far as major components are concerned) than 
petroleum. their major components also may not be hydrocarbons, but 
heterocyclic compounds. 
An additional source of pollutants is the atmosphere, which 
accepts hydrocarbons from land areas in the form of vapors or 
aerosols. Much of the primary input may be oxidized or otherwise 
modified during transport. This component eventually may reach the 
ocean interface via contact, settling, or precipitation. 
Finally, the introduction of hydrocarbons by direct ocean dumping 
must also be mentioned, although it is bound to be of limited, local 
importance. 
Both the rivers and the atmosphere, in addition to pollutants 
also receive and transport many natural hydrocarbons or organic 
compounds that may or may not be identical to pollutants (see 
definition). The oceans, by virtue of their productivity, also are an 
important source of such compounds. 
Some hydrocarbon sources carry a characteristic imprint that can 
be used to identify their origins. The best example probably is the 
odd over even predominance of normal alkanes between tricosane and 
triacontane that is related to the presence of plant surface waxes 
(Eglinton and Hamilton 1963). Enhanced individual n-alkanes in the 
range between about n-Cl2 and n-Czl, some mono-olefins, pristane, and 
diploptene are indicative of marine sources (phyto- and zooplankton, 
Oro et al. 1967; Han et al. 1968; Gelpi et al. 1970; Blumer et al. 
1971; Youngblood et al. 1971; de Rosa et al. 1971 and 1973). 
Undegraded crude oils, normally attributed to pollution, can be 
recognized by a smooth n-alkane distribution having a CPI of 1 (Bray 
and Evans 1961; Stevens et al. 1956), in general superimposed on 
unresolvable envelope of branched and cyclic alkanes. The presence of 
isoprenoid alkanes such as farnesane, Cl6-isoprenoid, Cis-isoprenoid, 
pristane, and phytane, triterpenoid structures such as (17a)-hopanes 
(Dastillung and Albrecht 1974), and a wide spectrum of substituted and 
unsubstituted aromatics containing from one to about 5 rings are also 
characteristic of petroleum. A complicating factor, however, is 
encountered in the fact that very similar mixtures may reach the ocean 
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via potamic transport from the erosion of oil-bearing rock formations 
or, as has already been mentioned, through seeps at the ocean floor. 
Refined oils in general have a limited boiling range and for this 
reason may be easier to recognize. Another typical source, finally, 
is characterized by the presence of mainly unsubstituted or 
monosubstituted PNA's that have a pyrogenic origin and have been 
mentioned many times before (Giger and Blumer 1974; Rase and Hites 
1976a; Bieri 1977; Bieri et al. 1978). 
The primary compositions may be altered by adsorption or 
solubility. In extracts from animal tissue, hydrocarbon compositions 
originally present may be modified by metabolism, uptake, and feeding 
habit if the source is not homogeneous. For example, the hydrocarbon 
extract of a bottom feeder cannot be expected to have a composition 
that directly reflects the average composition of hydrocarbons in the 
first few centimeters of sediment. 
For such reasons, hydrocarbons extracted from marine samples 
cannot really be expected to be amenable to straightforward 
interpretation. They are the accumulates of superimposed fractions of 
different composition, added at different times and undergoing 
physical as well as chemical changes that may be functions of time. 
At any one stage during analysis, there is always the possibility that 
there are perhaps further alterations by laboratory contamination. 
We develop the discussion around sediments since they are the 
major hydrocarbon sinks. Main components clearly present in sediments 
are n-alkanes, deriving from land plants and from oil plus some 
alkanes of anthropogenic origin. C16- and Cis-isoprenoids, where 
present, are likely to be indicators of oil, as are the (17a)-hopanes 
and an unresolvable envelope (UCM). These parameters have been 
roughly evaluated in Table 14-25 for samples where an aromatic 
fraction has also been analyzed. The pristane/phytane ratio has not 
been used because it does not appear to be a characteristic parameter. 
In the benzene fraction, there is little doubt that all (except 
possibly perylene) aromatic compounds are pollutants. Main indicators 
for oil are substituted naphthalenes, biphenyls, and acenapthenes 
(Bieri 1977), <c2 phenanthrenes, and an UCM (Bieri and Stamoudis 
1977). Enhanced PNA's containing little substitution (mentioned in 
Results section) are unlikely indicators of oil. 
Phenanthrenes and dibenzothiophenes can derive from pyrolytic as 
well as oil sources, but those with )C2 substitution more likely are 
from oils. The only absolute indicators of oil pollution available 
are the peak-sum concentrations, but since the pyrogenic component is 
so pronounced in most benzene fractions and biogenic hydrocarbons are 
present in both, the use of sum-concentrations cannot be expected to 
tell much. 
Before inspecting the parameters in Table 14-25 (the meaning of 
symbols used is explained at the bottom of the table), we point out 
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Table 14-25· Correlation of parameters that are indicative of the 
presence of oil . 
. 
Q 
. 
H 
Q) 
r-1 
~ (1j 
U) 
05-C2-3 
05-Fl-1 
05-F3-4 
06-G2-5 
06-14-5 
06-15-3 
06-15-4 
07-D4-3 
08-Jl-2 
05-Int.-1 
1 2 3 4 5 6 7 8 9 10 
+ 
0 
0 
+ 0 
+ 
+ 0 
+ 
+ 0 
0 0 
0 0 
0 + 0 0 
0 + + + 0 
0 0 + 0 0 0 0 + 0 
+ + + 
+ + + 0 
0 + 
+ + + 
+ 0 + 0 0 
+ + 
+ 0 
+ 0 
+ + + + 
0 + 0 
Explanation of symbols: 
Moderate contam.,fresh oil 
Moderate contam.,fresh oil 
Moderate contam.,old spill 
Moderate contam.,old spill 
Contam. w. partially degr. oil 
Contam. w. refined & crude oil 
Contam. w. refined & crude oil 
Contam. w. degraded oil 
Heavily contam. with oil 
Mod. contam. w. degr. oil 
1) +, CPI between 1 and 2; 0, CPI between 2 and 3; -, CPI > 3. 
2) + if both isoprenoids found; 0 if one found; - if none found. 
3) + if non-hopane and hopane present; 0 if only one identified; 
- if none found. 
4) + if height of UCM > height of spike; 0 if approx. of same magnitude; 
- if barely perceptible. 
5) same as 4). 
6) + indicates abundance of subst. compounds; 0, moderate amount; 
few identified. 
7) +, many present; 0, a few present; -, absent. 
8) +, one or more found; -, none found. 
9) +, > 10- 1 ppm; 0, 10-2 to <10- 1 ppm; -, <10- 2 ppm. 
10) +, standing out in chromatogram; 0, clearly present; - difficult 
to recognize. 
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that parameter 1 (CPI) has been taken from the tables of Smith and Su, 
parameters 4, 5, and 6 have been judged qualitatively from 
chromatograms (relative to the internal standards). Such a judgment 
is particularly difficult for the presence of PNA's (parameter 6), 
mainly because their distribution is very irregular. In some samples, 
pentacyclic compounds are much more abundant relative to tricyclic 
compounds; in others the reverse is true. Since the pyrosynthesis of 
PNA's depends on temperature (Schmelz and Hoffmann 1976), this is to 
be expected. C16- and C18- isoprenoids (parameter 2) are rather 
volatile and for this reason may be detectable only in relatively 
fresh spills. The same may be true for parameter 6. 
Looking at Table 14-25 it is also quite evident that some of the 
parameter judgments are either too sensitive or too insensitive: 
hopanes, for instance, give positive indication of oil in all except 
one case (sample 07-D4-3, where premature termination of the GC-MS run 
due to lack of disc space prevented the recording of hopane). But the 
fact remains that the (!?a)-hopanes not only are characteristic of 
oils, but also are the most resistant to biodegradation. Parameter 5 
appears to have been graded too insensitively. Thus, while it is 
certain that improvements can be made, perhaps by relating parameters 
to quantitative information, we feel that the crude summary presented 
in Table 14-25 is useful. For example, it is evident that sample 
08-Jl-2 is the most severely contaminated (parameters 1,3,4,6,7,8, and 
9 correlating and parameter 10 anticorrelating). Sample 07-D4-3 
correlates very poorly. However, taking into account that parameter 4 
is positive (this sample is characterized by a large aliphatic UCM), 
one would suspect contamination with an extensively weathered and 
biodegraded oil. The correlation with parameter 9 further indicates a 
high superimposed biogenic fraction. 
A partially degraded oil appears to be present in sample 06-I4-5. 
Samples 05-C2-3, 05-Fl-1, 05-F3-4, and 06-G2-5 are similar except that 
the first two samples correlate with parameter 6 and the second two 
samples with parameter 8. A moderate amount of oil pollution is 
indicated for these four samples, but the sources and the time of 
spill are distinctly different: Samples 05-C2-3 and 05-Fl-1 contain 
the relatively volatile and soluble fraction summed up in parameter 6, 
suggesting contamination by a more recent spill than that affecting 
samples 05-F3-4 and 06-G2-5, where parameter 6 indicates absence of 
this fraction. The absence of )C2 dibenzothiophenes in the first two 
samples and the presence in the last two in addition may suggest two 
distinctly different oils. Samples 06-15-3 and 06-15-4 have in common 
that they correlate well in parameters 1, 2, 3, and 7, but again lack 
the substituted aromatics in parameter 6. The >c2 dibenzothiophenes 
are also absent. It is difficult to understand why parameter 2 is 
correlating with oil and parameter 6 not, since volatile losses would 
affect both. We may, however, look in essence at the superimposition 
of a refined oil with a low aromatic content and a remnant of a 
biodegraded crude. 
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In summarizing the discussion of Table 14-25, it is noteworthy to 
mention that all samples appear to contain oil to some extent. The 
best indicators are found in the hexane fraction (CPI and hopanes), 
while the benzene fraction appears to be useful mainly for relatively 
recent pollution events. The higher solubility of aromatic molecules 
could in part be responsible for the disappearance of compounds 
characterized by parameter 6. Quantitative data on (!?a)-
hopanes probably are the best measure of integrated oil input. 
However, their origin is not necessarily all related to pollution, but 
can in part derive from natural weathering processes. (17S)-hopanes 
and hopanoic acids should be useful to estimate the latter. 
In addition to the compounds that have so far been summarized, we 
mention a few others that often are encountered in sediments. The 
C3o-triterpene pointed out in our last report (Bieri 1977) and in the 
previous section is tentatively identified as hop-17(21)-ene 
(Ensminger 1974) is again regularly encountered. Other triterpenoid 
molecules, both saturated and containing one double bond, are present 
but appear to be much more variable than the hopanes of the (17a) 
series. All triterpenes are likely to have a biogenic origin, and 
more work remains to be done to establish their source. A few unusual 
mass spectra (from hexane fractions) that could not be identified are 
presented in Figures 14-75 to 14-78. They were all checked by 
Cyphernet/MSSS. Pertinent information about their occurrence in other 
sample types is given in the figure captions. 
In the benzene fractions, a number of compounds clearly were 
aromatic hydrocarbons and had familiar mass spectra, but could not be 
identified because their retention was not compatible with the mass 
spectral information. Since depicting their mass spectrum would not 
convey much more information than is given in the tables (they are 
described by molecular weight, base peak, and presence or absence of a 
peak at M+-15) only a few of the nonaromatic compounds are presented 
in Figures 14-79 to 14-82. As indicated in the figure captions, 
compounds possessing a base peak at m/e = 123 appear to be ubiquitous 
among marine biota. In addition, two of the compounds are also 
present in the hexane fraction. A similar case is observed for the 
spectrum in Figures 14-83 to 14-84 which show two mass spectra which, 
except for some impurities, clearly are identical. But one is from a 
hexane fraction, the other from a benzene fraction. The most probable 
explanation for this observation is overlap in the column 
chromatography. Since the chromatography was mainly chosen to give 
good separation between aliphatic and aromatic fractions, it does not 
seem unusual that some unsaturated compounds are falling in between. 
Laboratory contamination, although in principle possible, is less 
likely to account for these discrepancies. It is, however, almost 
certainly the source of di-tert-amylquinone (Figure 14-85) in sample 
05-Fl-1. 
(TEXT CONTINUES ON PAGE 14-179) 
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Figure 14-75. Example of mass spectrum from hexane fraction of 
sediments that could not be identified, although 
checked by Cyphernet's MSSS. From 05-Inter-1 sed. hex. 
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Figure 14-76. Example of mass spectrum from hexane fraction of 
sediments that could not be identified, although 
checked by Cyphernet's MSSS. From 05-Inter-1. sed. hex. 
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Figure 14-77. Example of mass spectrum from hexane fraction of 
sediments that could not be identified, although 
checked by Cyphernet 1 s MSSS. From 05-Inter-1 sed. hex. 
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Figure 14-78. Example of mass spectrum from hexane fraction of 
sediments that could not be identified, although 
checked by Cyphernet's MSSS. From 05-Inter-1 sed. hex. 
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Figure 14-79. Mass spectra of non-aromatic compounds that appear to 
be common to benzene fractions of sedime~ts, plankton, 
Echinarachnius parma, Placopecten magellanicus, and 
Merluccius albidus. All have a base peak at m/e=123. 
Relative retention and mollecular weight are given in 
individual Figure captions. Here, R.I. = 1800, m.w. = 
278. 
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Figure 14-80. See Figure 14-79. R.I. = 1280, m.w. = 278. 
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Figure 14-81. See Figure 14-79. R.I. = 1850, m.w. = 278. 
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Figure 14-82. See Figure 14-79. R.I. = 2040, m.w. 1 278-cannot be 
determined. 
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Figure 14-83. Mass spectrum of a compound eluting in the hexane 
fraction (at R.I. = 1780) of a sediment extract, sample 
06-I4-5. It appears to have a molecular weight of 346 
and fragments at m/e = 331, 269, and 253. This 
compound could not be identified by MSSS and is 
unlikely to be a hydrocarbon. 
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Figure 14-84. Mass spectrum of a compound eluting in the benzene 
fraction (at R.I. = 1780) of Placopecten magellanicus, 
Echinarachnius parma, and Merluccius albidus. Except 
for fragments <m/e = 250, it is similar to the mass 
spectrum in Figure 14-83. 
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Figure 14-85. Mass spectrum of di-ter-amy1quinone (from sample 
05-Fl-1 sed. benz.). Although the spectrum is not 
pure, there is little doubt that the identification is 
correct. This compound has also been encountered in 
samples 08-F2-Placopecten magellanicus benz. and 
06-L2-B505 benz. 
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While the composition of hydrocarbons in sediments certainly is 
influenced by the aquasphere (including biota), there is no clearly 
identifiable link with the surface layer as far as composition is 
concerned. True, some of the chlorinated hydrocarbons that are so 
overwhelmingly present in the surface layer also show up in sediment 
fractions, but mostly as unmodified, identifiable primary products. 
The many unidentifiable chlorinated hydrocarbons (suspected to be 
photochemical and microbiochemical derivatives) encountered in the 
surface layer are mostly absent in sediments. Dichloropropene common 
to both surface layer samples, was not found in sediments. Indicators 
of oil pollution (including (17a)-hopanes) encountered are not typical 
of the surface layer. Although one would suspect that much of the 
pyrogenic PNA fraction reaches the sediment via eolian transport and 
thus would have to reside in the surface layer at some intermediate 
step, none of the compounds have been found there. Two 
interpretations of these facts come to mind: 1) The concentration of 
PNA's in the surface layer are below detectability, either because 
their residence time is too small or the flux is too low, or 2) only a 
small fraction of the PNA's reach the marine environment by eolian 
transport, in which case potamic transport would have to supply the 
bulk. The latter hypothesis is more likely to apply since it seems 
logical that a large fraction of the total pyrogenic fraction must 
come from fossil fuel burning (automotive, power generation) near and 
in urban centers and is deposited in their vicinity from where it 
reaches the rivers via runoff. Simoneit (1975) also concludes that 
the majority of organic matter reaches the marine environment by 
potamic transport. Thus, we can merely state that we see no evidence 
indicating any substantial link between surface layer and sediments, 
but realize that under very special circumstances (high turbulence, 
shallow depths) such a transfer may take place. 
Dissolved hydrocarbons, besides being very variable, include 
samples that are unusual with respect to their composition: 
05-C1-surface, 05-C1-bottom, and 05-11-bottom all contain a pronounced 
biphenyl peak. Since substituted biphenyls in these samples were not 
found and biphenyl was not used as an internal standard, one is 
tempted to suspect an industrial effluent. Three samples, 
06-A2-surface, 06-A2-bottom, and 06-F2-bottom, clearly contain 
relatively fresh oil as judged from parameters described in Table 
14-25. The preponderance of diaromatics and light alkanes observed in 
these samples does not necessarily indicate that the contaminant was a 
refined product, as fractionation due to solubility could generate a 
qualitatively similar effect. Thus, while one is tempted, for 
example, to take the absence of (17a)-hopanes in samples 06-F2-bottom 
and 06-A2-bottom as an indicator for refined oil, expected solubility 
differences can equally well account for this observation if the 
extracted hydrocarbons involved are contained mostly in soluble form. 
Since all water samples have been filtered, solubility differences are 
a more likely cause. Alternatively, where the hopanes were found 
(05-11-surface, 05-16-surface, and 05-C1-bottom), one can be quite 
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sure that one is looking at an adsorbed or emulsified fraction that 
bypassed the filter or that was introduced after the filtering. 
Chlorinated hydrocarbons, where found in water extracts, are 
limited to PCB's. Again we note that the many unidentifiable 
chlorinated compounds detected in the surface layer seem to be absent 
in these samples. This, however, can not be taken as evidence for lack 
of exchange since it is possible that these compounds were removed by 
the f~ltering. Most of the samples analyzed contain phthalate esters 
in both hexane and benzene fractions and in one sample di-tert-butyl 
phenol was encountered again (as in some of last year's DHC's). 
The hydrocarbon content and composition of biota is of special 
interest because it may give us some indication of uptake, 
bioconcentration, and metabolism or degradation. In addition, some 
characteristic compounds present in these samples suggest a close 
connection with the hydrocarbon makeup of sediments. We start close 
to the bottom of the food chain, with zooplankton. As we have 
mentioned in the Results section, if there is something obvious about 
tissue samples, it is the preponderance of unsaturated, biogenic 
compounds. All hexane fractions contain some n-alkanes and in two 
samples (05-Dl-B202 hex. and 07-L6-B202 hex.), the presumably 
non-biogenic C16- and Cis-isoprenoids are also found. Only one 
aromatic compound, phenathrene, was found in the benzene fraction of 
08-L2-B202, but since the hexane fraction of the same sample does not 
reveal the presence of any isoprenoids other than the mostly biogenic 
pristane, there is no evidence that this sample contains oil. If 
petroleum is present in these samples, it must be buried beyond 
recognition in the strong biogenic background. This in fact is 
indicated by PCB's, which were not detected in any of the aromatic 
plankton fractions by mass-spectrometry (although they were identified 
in several water extracts); rechromatography of the two aromatic 
fractions with ECD suggested that a few PCB's are indeed present in 
plankton. DDE is also present in both samples and was identified in 
the sample where it is more concentrated (08-L2-B202). 
The contribution of zooplankton to the hydrocarbon composition of 
sediments remains uncertain. As Figures 14-86 through 14-87 suggest, 
only one of the unidentifiable biogenic compounds eluting in the 
hexane fraction of zooplankton appears to be identical with a compound 
found in a sediment. It is characterized by a base peak at m/e = 231 
and an RI of ~2878, but most of the minor fragments do not coincide 
and the molecular weights cannot be established. Similar mass spectra 
have been found in hexane fractions of neuston extracts. The benzene 
fractions contain 4 compounds, 3 of them probably isomers, that appear 
to be common to zooplankton and sediments (Figures 14-79 to 14-82). 
All hqve the same base peak (at m/e = 123) and all except one (Figure 
14-82} have the same molecular weight, 278. The molecular weight of 
the compound in Figure 14-82 again cannot be established. However, 
several other members of the food chain share the same compounds: 
Placopecten magellanicus, Echinarachnius parma, and Merluccius 
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Figure 14-86. Mass spectrum of a compound eluting at R.I. = 2880. 
The spectrum in this figure is from sample 05-F3-4 sed. 
hex. 
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Figure 14-87. Mass spectrum of a compound, also eluting at R.I. = 
2880, but from sample 08-L2-B202 hex. This compound is 
probably identical with that of Figure 14-86, although 
the mass spectra are different, probably due to 
superimposition. 
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albidus. Thus, it cannot be decided which animal contributes most to 
the sediment, whether all animals are capable of synthesizing the same 
compounds or whether they acquire these compounds (directly or 
indirectly) from zooplankton, phytoplankton, or sediments. As 
conspicuous as the presence of these compounds in the mentioned 
species is their absence in others. 
Another compound that has a very characteristic fingerprint was 
shown in Figures 14-83 through 14-84. It appears to have a molecular 
weight of 346 and is characterized by prominent fragments at m/e = 
331, 269, and 253, eluting at an RI of ~1789. This compound appears 
in both fractions (hexane and benzene) of sediment samples, but 
remains limited to the benzene fraction in animal tissue of 
Placopecten magellanicus, Echinarachnius parma, and Merluccius albidus 
(the same diverse group mentioned before). It was not found in 
zooplankton. 
If biota appear to be contributing to the hydrocarbon composition 
of sediments, there is evidence that the reverse is true also. Here, 
the PNA's should provide us with a useful tracer, except for a 
recurrent problem that one is always forced to deal with in tissue 
extracts: the overwhelming presence of biogenic compounds, especially 
if they elute close to or in coincidence with the compound used as a 
tracer. Some of these problems can be alleviated by the use of mass 
chromatograms. Unless the tracer PNA's are known to come from the 
same source, differential uptake through a particular feeding habit 
may also make such a discussion more difficult. For example, although 
the sand dollar, Echinarachnius parma, feeds along the bottom, it 
probably discriminates in what it takes up. In doing so, the primary 
input may be quite different from what we find in sediments. 
Placopecten magellanicus is a filter feeder and as such is known to 
discriminate between particles that may enter the digestive tract and 
those that are expelled as pseudofeces. Since sediments are 
inhomogeneous mixtures of organic and inorganic substances that were 
extracted in total, we have no information on the hydrocarbon 
composition of differentiated fractions. 
Nonetheless, even with such limitations, it is quite evident that 
many of the PNA's encountered in the sediment extracts also show up in 
tissue. But there are some puzzling differences: while the pair 
benzo(a)anthracene-chrysene in sediments always is of the same order 
of magnitude, the extracts from Echinarachnius parma and Placopecten 
magellanicus show benzo(a)anthracene to be depleted (see Figure 14-88; 
although the small side peak eluting just ahead of chrysene could be 
benzo(a)anthracene-for two compounds that have very similar mass 
spectra this is difficult to establish-it always is much smaller 
relative to chrysene than in sediments). A similar observation 
applies to the pair benzo(a)pyrene and benzo(e)pyrene (Figure 14-89). 
Since benzo(e)anthracene and benzo(a)pyrene are both well known 
14-183 
Chrysene 
Benzo(a)arithracene 
\ 
r.hrvsene 
/ 
Figure 14-88. Mass chromatograms of benzo(a)anthracene and chrysene 
(partially fused) in sediment (above) and 
Echinarachnius parma (below). The small first peak to 
the left is probably benzophenanthrene. Note the 
depletion of benzo(a)anthracene relative to chrysene in 
the tissue extract. What we observe is probably best 
characterized as a difference in bioconcentration 
factors that can have a number of reasons discussed in 
the text. Similar differences are also found in 
extracts from Placopecten magellanicus. 
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Figure 14-89. Mass chromatogram of benzo(e)pyrene and benzo(a)pyrene 
(partially fused) in sediment (above) and 
Echinarachnius parma (below). Note the depletion of 
benzo(a)pyrene relative to benzo(e)pyrene in the tissue 
extract that again is probably best characterized as a 
difference in bioconcentration factors. Similar 
differences are found in extracts from Placopecten 
magellanicus. 
14-185 
carcinogens! while chrysene or benzo(e)pyrene are not, one is tempted 
to suspect that the depletion of the two carcinogenic compounds is 
related to their chemical properties (more rapid metabolish) or to 
discrimination in the uptake (uptake from a source where the depletion 
of the carcinogenic compounds already exists or structure specific 
uptake). This hypothesis on closer inspection does not hold up, since 
benzo(j)fluoranthene (a carcinogen) does not appear to be 
discriminated against benzo(k)fluoranthene. Perylene, which has not 
been shown to be carcinogenic, is always present in sediments but 
could not be detected in the above tissue extracts. Unlike the other 
PNA's mentioned, perylene may not be entirely pyrogenic (Simoneit 
1975) and thus could be discriminated against through the feeding 
habit. Fluoranthene and pyrene are both non-carcinogens and appear in 
similar proportions in both sediments and tissues. 
For other biota, the information we possess is much too scanty 
and the hydrocarbon composition of their food sources too undefined to 
permit inclusion in the discussion. The observations on 
Echinarachnius parma and Placopecten magellanicus naturally could also 
be explained by enhanced bioaccumulation of non-carcinogenic PNA's. 
Thus, the results from this survey merely suggest there may be 
something worthwhile of further study, but it is impossible to get 
more direct answers. 
Significant Findings and Interpretations 
Viewing our results from the broadest possible aspect, the 
following observations are emphasized: 
1. A probably non-petrolic, well-resolved polynuclear aromatic 
fraction dominates the resolvable part of the ultimate hydrocarbon 
sink in the ocean, the sediments. Although there is evidence for 
the occasional presence of resolved petroleum hydrocarbons, they 
are certainly not of major importance. 
2. All hexane fractions of sediments contain (17a, 216)-hopanes, 
polycyclic aliphatic structures of unusual stability (and maybe 
resistance to biodegradation) that to our knowledge are 
representative of petroleum. 
1 We hasten to point out that this applies to mammals only. It may 
involve metabolites that are produced specifically by mammalian enzyme 
systems and this may not indicate that such compounds are carcinogenic 
to marine biota. 
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Discussion of 1) and 2) 
Hopanes also occur in shales and coals (Ensminger et al. 1974), 
but these are normally accompanied by hopanes of the (17a, 21S)-type 
and the more polar hopanoic acids. In oil, (17a, 21S)-hopanes are 
minor or even trace components of aliphatic fractions, but are easily 
found because of their characteristic mass spectrum, their high 
detection sensitivity, and their elution in the late part of the 
chromatogram where levels of other compounds, in general, are low. 
While the (17a, 21S)-hopanes in principle may be the best indicators 
of oil, they may be rather unrelated to the concern normally attached 
to the presence of petroleum. Their biological and ecological effects 
to our knowledge remain to be assessed, but it is unlikely that they 
are of much consequence. 
Such lack of concern cannot be claimed for PNA's, as this group 
contains many members that have been found to be carcinogenic to 
mammals (NSF 1972). Since their origin is likely to be related to the 
pyrolysis of carbon, there probably also is little one can do about it 
(short of outlawing the use of automobiles and the burning of fossil 
fuels for power generation). The transport of these PNA's to the 
sediments requires more study. While we orignally suspected direct 
eolian transport to be the main vehicle, potamic transport now appears 
to be at least as important. Such a conclusion was also reached by 
discussing the results from PNA's in a lake sediment, river sediments, 
street dust, and an airborne particulate sample (Giger and Schaffner 
1975). On the other hand, solubility fractionation of the PNA 
composition in airborne samples has in the past also been used to 
explain differences that may exist between airborne fractions and 
sediments (Rase and Hites 1976a). 
Pyrogenesis by itself is not a well understood, simple process, 
so that resulting PNA distributions cannot be predicted. They depend 
on temperature (Schmelz and Hoffmann 1976) and on the nature of the 
pyrolyzed product, although Rase and Hites (1976a) state that coal and 
wood lead to almost the same distribution. Most research has been 
done on tobacco. It is therefore not surprising that we can point our 
finger at the origin of pyrogenic PNA's in a general way, but are 
unable to really present hard evidence. The fact remains that 
although the distribution of different PNA's is variable--in some 
samples the high molecular weight PNA 1 s are enhanced relative to 
phenanthene, fluoranthrene, and pyrene, in others the reverse is 
true--the conclusion is inescapable that these compounds in essence 
have little to do with oil pollution, but primarily derive from man's 
pollution of the atmosphere. 
Microlayer - Water Column Exchange 
Another observation that should be mentioned here concerns the 
apparent lack of exchange between the micro-layer and surface water, 
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biota, and sediments. Ideally, one would like to be able to clearly 
state that, as a consequence, surface oil spills as long as they stay 
away from shorelines are relatively harmless affairs and do not 
contribute significantly to marine pollution. A number of gaps in our 
knowledge of hydrocarbon fate, however, prevent us from going that 
far. First, this is in apparent disagreement with observations on the 
aliphatic fraction, except for the fact that most of these compounds 
do not enter the water column via the microlayer, but in adsorbed form 
via potamic transport. Second, while an exchange between the 
microlayer and surface water during relatively calm sea conditions 
indeed may be very slow (and such conditions would have to prevail 
during the sampling), a highly agitated seastate accelerates such an 
exchange, especially along beaches. Third, it is known that surface 
spillage of oil leads to the formation of tar-particles (Butler et al. 
1973). Finally, the observed lack of exchange also may be a 
consequence of the analysis: hydrocarbons in an oil slick exposed to 
short wave radiation are likely to be oxidized (Larson et al. 1976) or 
in the presence of microbial populations biodegraded (ZoBel! 1973; 
Walker and Colwell 1974). The generally higher polarity of such 
products, even if they were extracted from the sample, probably would 
be removed in the column chromatography step. Increased polarity is 
likely to be accompanied by increased water solubility and a 
corresponding dilution. Thus, the conversion of hydrocarbons to 
heterolytic compounds in some cases would tend to destroy some records 
of their initial presence, but the process should be more effective 
for n-alkanes and isoprenoids where such indications are absent. 
Since evaporation is effective in removing most of the volatiles 
rapidly from the sea surface (Kreider 1971) and since hydrocarbons, 
once they have been converted to a ketone, acid, alcohol or other 
heterolytic compound, are probably biodegraded more quickly, natural 
mechanisms for effective removal of surface spills of petroleum are 
active, but depend on many parameters such as film thickness, 
geographic position, temperature and time. 
We are tempted to conclude that unless one has special 
circumstances that allow the oil from a surface spill to get into 
direct contact with sediments or marine organisms (along ocean 
boundaries or during periods of high turbulence in shallow water), its 
effect on marine biota and on the hydrocarbon composition of 
sediments, in view of a limited transfer from the microlayer to the 
water column, probably is not dramatic. But note the limitation of 
this statement to surface films! 
The Polynuclear Aromatic Hydrocarbon Composition in Tissue Extracts 
Individual hydrocarbon concentrations in animals appear to 
reflect a state of quasi-equilibrium with the respective 
concentrations encountered in the environment (Stegeman and Teal 1973; 
Bieri and Stamoudis 1977; Bieri et al. 1977). Tissue levels, in 
general, will depend on bioconcentration factors, differentiation by 
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behavior and feeding habit, and the specific biochemistry of the 
animal. Uptake may occur via external or internal tissue (Stegeman 
and Teal 1973), and it is likely that both tissue types are exposed to 
compositionally different hydrocarbon sources (for example, mainly to 
dissolved hydrocarbons in the first or to ad- or absorbed hydrocarbons 
in the second case). Lack of detailed knowledge about such parameters 
make a prediction of tissue concentrations from a given source 
impossible. However, as a crude approximation, one may assume that 
concentration ratios of isomeric molecules in tissue extracts should 
be similar to those in the exposure mixture. For Echinarachnius parma 
and Placopecten magellanicus, we believe that surface sediments are a 
reasonable approximation to the main exposure source (both feed at the 
water-sediment interface), and as a consequence, the discrepancies in 
the benzo(a)anthracene/chrysene and benzo(a)pyrene/benzo(e)pyrene have 
caught our attention. 
As pointed out in the discussion, these observations do not allow 
an unambiguous interpretation. Since in the two examples it is the 
carcinogenic species that is reduced in tissue, we believe these 
aspects should be investigated under controlled conditions in the 
laboratory. The question of more rapid metabolism of benzo(a) 
anthracene relative to chrysene, or of benzo(a)pyrene relative to 
benzo(e)pyrene, is of particular interest because carcinogenicity in 
mammals appears to derive from metabolic oxidation products (mainly 
k-region epoxides, Heidelberger 1972), not from the hydrocarbons. 
Since the capability to metabolize hydrocarbons in at least one of the 
animals-Placopecten magellanicus-is in question (there is no evidence 
that molluscs can metabolize hydrocarbons; for Mytilus edulis, this 
has been documented by Lee et al. 1972), the relative reduction of the 
carcinogenic members of the two isomeric pairs is all the more 
puzzling. 
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CHAPTER 15 
VIMS-BLM SECOND ORDER WAVE CLIMATE MODEL AND WAVE CLIMATOLOGY 
OF THE BALTIMORE CANYON TROUGH SHELF AREA 
V. Goldsmith 
INTRODUCTION 
The Wave Climate Model of the Baltimore Canyon Trough Shelf area 
encompassing the designated lease blocks was extended, refined, and 
comparisons made with real wave data, as part of this year's contract 
(Figures 15-1a and 15-1b). This modified model w.as produced to refine 
the 1975 model so that more definitive statements and interpretations 
could be concluded, based on more detailed data, in the evaluation of 
the baseline data. A set of computer-generated graphics utilizing a 
greater depth data point density (0.25 NM), to allow site-specific 
evaluation of conditions within the lease block area, were produced. 
The 12 input wave conditions, considered representative of the 
wave climate, were chosen after an exhaustive survey and compilation 
of all existing wave observations and measurement:s in the area. The 
wave data were compiled from three different sources over different 
time spans. 
The greater density wave ray diagrams repres•ent the increased 
density of depths. This allowed for a more definitive data set to be 
evaluated and contoured in the form of wave heights and wave bottom 
orbital velocities, and so provide a better spatial comparison with 
other biological and chemical data in the lease block area. 
WAVE MODEL THEORY 
Wave Theory 
Standard linear wave theory modified for friction effects was 
employed in the computation of the 19 wave parameters. Wave 
refraction was based on the application of the principles of geometric 
optics (i.e., Snell's Law). Applicability of this theory in such wave 
climate models is discussed in Colonel! et al. (1973), Goldsmith et 
al. (1974), Goldsmith (1977), Goldsmith et al. (1978), and in standard 
texts. ·A friction coefficient of 0.02 was used, and its justification 
is discussed in Goldsmith (1976). 
In general, much confidence exists in the accuracy of the 
diagrams because of the excellent correspondence with aerial 
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photographs in other locations (e.g., Goldsmith 1976). Such 
comparisons were also made as part of this study. 
In the refinement of the wave model for this report, the Komar 
and Miller (1975) calculations for the threshold of sediment motion 
under waves were incorporated into the computer program. The theory 
and equations utilized to determine threshold of sediment motion in 
the wave model are discussed below. 
Threshold of Sediment Motion Under Waves 
The grain sizes presumed to be suspended given a particular set 
of wave parameters were determined from empirical equations developed 
from experimental data. The Shields function (critical shear stress 
versus the Rey~olds number) may act as a basic criterion for this 
threshold of motion under water waves (Madsen and Grant 1975). The 
threshold velocities for unidirectional flow are greater than for 
oscillatory water waves due to the fact that accelerating currents 
exert a greater stress on stationary particles than steady flow 
(Manohar 1955, in Komar and Miller 1973). 
Stationary particles are brought to a state of initial motion 
principally as a result of instantaneous hydrodynamic lift. An 
analysis of the threshold of sediment movement under-water waves has 
been developed by Komar and Miller (1973), and using this criterion it 
is possible to calculate the wave period and height required to 
suspend sediment particles of a given diameter and density; or 
conversely in this study, given a site-specific period and height, one 
could calculate what particular division of particles would be 
suspended. 
The procedure utilizes equations derived by Komar and Miller 
(1973). The equations relate a dimensionless number that has a 
resemblance to the diameter of the grains: 
(1) 
where at' is the threshold of sediment motion, um and d0 are the 
near-bottom velocity and horizontal orbital diameter of the wave 
motion, the density of water is p , and p s and D are the density and 
diameter of the sediment grains, respectively. 
The coefficient a" was determined to be 0.3, but was changed to 
0.21 a~ter further study by Komar and Miller (1975). Equation 1 is 
used when D<0.5 mm which corresponds to laminar flow conditions. When 
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turbulent flow conditions exist, or D)0.5 mm, thE! equation which 
predicts the threshold of motion is: 
8t' - Pum
2 
= 0.4631T(dc./D)1/4 
- \P;-P)gD 
The physical aspects of this are described in Kon~r and Miller (1975) 
and are beyond the scope of this study. 
From these expressions, threshold velocities. for different grain 
sizes were calculated in the model for a specific wave period. These 
are then compared to the site-specific calculated bottom orbital 
velocity in the steps of the model, and the maxinlum sediment grain 
size which could be suspended is determined. Table 15-1 presents the 
calculated threshold velocities given the density of water of 1.0 
g/cm3, sediment density of 2.65 g/cm3, and diameters ranging from 
0.031 mm to 4.0 mm for wave periods used in the study. 
Table 15-1. Sediment threshold velocities computed in this model, 
after Komar and Miller (1975). 
Threshold Velocities (em/sec) 
Grain Size for Wave Periods of 
(mm) Phi (,S) 9 11 13 14 
4.000 -2.0 60.3 68.3 69.9 70.7 
2.830 -1.5 57.2 58.9 60.3 60.9 
2.000 -1.0 49.2 50.7 51.9 52.5 
1.410 -0.5 42.4 43.7 44.7 45.2 
1.000 o.o 36.6 37.7 38.6 39.0 
0.710 0.5 31.6 32.5 33.3 33.7 
o.soo 1.0 27.2 28.0 28.7 29.0 
0.350 1.5 22.6 24.2 25.6 26.2 
0.250 2.0 20.2 21.7 22.9 23.5 
0.177 2.5 18.0 19.3 20.4 20.9 
0.125 3.0 16.0 17.2 18.1 18.6 
0.088 3.5 14.3 15.3 16.2 16.6 
0.062 4.0 12.7 13.6 14.4 14.8 
0.044 4.5 11.3 12.1 12.8 13.1 
0.031 5.0 10.1 10.8 11.4 11.7 
6 = -log1o(D), where D = mean grain diameter 
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WAVE CLIMATOLOGY 
Data Sources and Format 
This wave climate was compiled primarily to aid in the choice of 
input conditions for the Baltimore Canyon Trough Wave Climate Model. 
This exhaustive compilation was also undertaken to bring together all 
existing wave data in the area for use by planners and others. It 
supplements the wave climatology study of Williams et al. (1977), 
which was based solely on ship wave observations. 
The three sources of data used to compile this wave climate were 
made up of 26,269 separate observations which covered a time span of 
28 years. The data varied widely in location, duration of collection, 
and method of presentation (Figures 15-2 and 15-3): 
(1) The NOAA Ship Wave Observations for Marsden Square 116, one 
degree Subsquares 82, 83, 92, and 93 were obtained for the 
period of digitized data from December 1948 until November 
1973. The 17,945 data observations were taken in waters of 
intermediate and deep depths of the four subsquares 
surrounding the lease block area. One year of specially 
ordered data (all that coincided with EB-44001) consisting 
of 1,955 observations taken from October 1975 until 
September 1976, were used for comparison with the data from 
BLM/NOAA Buoy EB-41 (new code is EB-44001). 
(2) The data from the EG & G gage were taken from 3 April 1973 
until 31 May 1975. These 3,756 measurements were taken 
intermittently by two closely-spaced buoys located in 
shallow (12 m) water off of Little Egg Inlet, New Jersey, at 
74°15'W longitude, 39°28'N latitude. 
(3) 2,316 measurements taken for the time period from 23 October 
1975 to 7 September 1976 make up the data for BLM/NOAA Buoy 
EB-41. The buoy is located in intermediate water depths in 
the southwest corner of the lease blocks at 38°42'N 
latitude, and 73°36'W longitude. 
The format in which these data were presented varied widely, and had to 
be manipulated for proper comparisons. 
The Ship Wave Observations for Marsden Square 116, Subsquares 82, 
83, 92, and 93 included by far the longest time period of all the data 
used. The Ship Wave data were assumed to represent significant wave 
height and period. The significant wave height is defined as the average 
value of the heights of the one-third highest waves. The assumption that 
the wave observations are significant waves is based on procedures 
described in H.O. Publication No. 603, Observing and Forecasting Ocean 
Waves (Pierson et al. 1955, p. 145). The procedures describe and 
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Figure 15-2. Location of three sources of compiled wave data (Marsden 
Square 116, Subsquare 82, 83, 92, and 93; BLM/NOAA Buoy 
EB-41; and EG&G Wave Gage). 
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Figure 15-3. Temporal distribution of wave data, Baltimore Canyon Trough 
Shelf area. 
outline the methods of observing waves for shipboard observers. In 
the instructions of one of three procedures, it s:tates: 
" ••• Only high values will be recorded and the result will be 
the distribution of the highest parts of the short-crested 
waves within the field of vision of thE~ observer. The low 
waves will be neglected or ignored by this procedure almost 
entirely ••• " 
It is for this reason that the data available from ship 
observations closely represent the significant wave, and were, 
therefore, utilized in the development of the wave climate. This is 
also noted in Williams et al. (1977). 
The twenty-five years of Ship Wave Observatj_ons were presented in 
tables of Percent Frequency of Wave Heights and Periods; the 
percentage of waves of a given height interval in a certain period 
interval was presented for 30° compass directions (Figure 15-4). 
Because height and period intervals are presented in the tables 
instead of specific measurements for wave heights: and periods, a mean 
value for each interval was used in computation of the seasonal wave 
parameters. Also, the Ship Wave Observations are~ presented for "NOAA 
Seasons". The four seasons employed by NOAA in presenting their data 
are winter (December -March), spring (April - Ma.y), summer (June -
September), and fall (October- November). Because of this, all of 
the other data used to compile this report were adapted to this 
seasonal format. When Ship Wave Observations are~ used, it should be 
kept in mind that the data are observations of the wave height and 
period by a more or less untrained observer on board a ship; the data 
are based on direct observation, and not on measurement, and are, 
therefore, subject to a wide variety of biases. However, Ship Wave 
Observations do provide valuable data on wave statistics. Studies by 
Gutman (1976), Gutman et al. (1977), and reported here, show that 
observations of wave height are closely correlatable to measured 
significant wave heights, while observed wave periods are 
approximately 25-50% smaller than measured significant wave periods. 
The latter appears to be due to the bias of the observer in seeing 
only the shorter period waves when more than one wave train is 
present. 
The EG & G data were taken for two years from 3 April 1973 until 
31 May 1975 by two closely-spaced waverider buoys: in approximately 12 
m of water off of Little Egg Inlet, New Jersey. Wave height and 
period measurements were taken for 5 minutes once~ every six hours from 
3 April 1973 through 3 August 1973. For the rest of the time that the 
gages were in operation, measurements were made for 10 minutes once 
every six hours. During some months, both buoys were in operation, 
while there were other months that only one buoy was in operation. 
There were also some time periods for which no rE~cord was available, 
due to breakdown or servicing. (Time periods when the gage was not 
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Figure 15-4. Example of data output from the Ship Wave Observations, 
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fall 1948-1973, 290°-310° azimuth. 
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operational are 9-22 January 1974, and 31 October - 6 November 1974.) 
Each reading taken by the buoy was presented in a table giving both 
the height and period measurement. The height reading was presented 
in the form of significant wave height. According to the EG & G 
reports, "the significant wave height is defined in this report as 
four times the standard deviation of a wave reco:rd. This yields a 
measure very close to the one obtained by averag.ing the highest 
one-third of the waves in a record (generally within 5%)" (EG & G 
1974a). The method in which the period was presented varied, thus, 
requiring some recalculation of the data. During April 1973, the data 
for the period was presented in the form of zero·-up-crossing period 
{Tz)*, while during all successive months, the peak spectral period 
(Tp) was presented (Burch, EG & G, personal communication, 1977). In 
order to compare this with the Ship Wave Observations, Tp and Tz were 
converted toTs, significant wave period (Ts = 0.94 Tp, Ts = 1.37 Tz, 
after Goda 1974). From the resulting height and period data, seasonal 
and monthly wave statistics were calculated. 
The data for BLM/NOAA Buoy EB-41 are compos,ed of approximately 
one year of measurements (all that was available), from 23 October 
1975 to 7 September 1976. Period and height measurements were made 
once every three hours by a buoy located in the southwest corner of 
the lease Block at 38°42'N latitude and 73°36'W longitude. The 
measurements were presented in tables giving the height and period 
each time that the buoy took a reading (U.S. Department of Commerce, 
Environmental Data Service, Asheville, North Carolina 1976). The wave 
height measurements were presented in the form of Hs, and wave period 
measurements were presented as Tz (zero-up-crossing period). Because 
the wave period presented in the supplied data is in the form of 
zero-up-crossing period, this was converted to T8 (Ts = 1.37 Tz) (Goda 
1974). From the resulting data, mean seasonal heights and periods 
were computed (Figures 15-5 and 15-6) (Tables 15-2a and 15-2b). 
Discussion 
Seasonal Wave Height and Period Variations 
Since the NOAA Ship Wave Observations were presented by season 
instead of by month, raw monthly data from BLM/NOAA Buoy EB-41 and the 
EG & G gage (Tables 15-3~ and 15-3b) were averaged and seasonal 
heights and periods were graphed (Figures 15-5 and 15-6) to aid in 
comparison. The graph of mean seasonal significant wave heights shows 
that there is a pattern to the seasonal variations; the largest 
heights occur during the winter and fall, and the spring and summer 
*Tz is defined as the interval of time between t!o adjacent uEward 
going zero crossings (Goda 1974, p. 321). ~p = T/.83, where T =mean 
wave period (Goda 1974, p. 334). 
(TEXT CONTINUES ON PAGE 15-17) 
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Figure 15-5. Mean seasonal significant wave heights for Ship Wave Observations, 
Marsden Square 116, Subsquares 82, 83, 92, and 93, NOAA Buoy 
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Figure 15-6. Mean seasonal significant wave periods for the Ship Wave 
Observations, Marsden Square 116, Subsquares 82, 83, 92, 
and 93 (December 1948-November 1973), BLM/NOAA Buoy EB-41 
(23 October 1975-7 September 1976), and the EG&G Wave Gage 
(3 April 1973-31 May 1975). 
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Table 15-2a. Mean seasonal significant wave heights and standard deviation for ship wave 
observations, BLM/NOAA Buoy EB-41, and the EG & G wave gage, in meters. 
. Winter Spring Summer Fall 
Source Hs a Hs a Hs a Hs a Dates Observations 
Ship Wave Obs. 
(MS 116, SS 82-
83, 92-93) 1.70 1.21 1.20 0.80 1.15 o. 77 1.50 1.04 12/48-12/73 17,945 
Ship Wave Obs. 
(10/75-9/76) 1.59 0.93 1.23 0.81 1.13 0.63 1.81 1.26 10/75-9/76 1,955 
~LM/NOAA Buoy 
EB-41 1.61 0.85 1.13 o. 71 1.02 0.56 1.49 0.88 10/75-9/76 2,613 
EG & G Wave 
Gage 0.96 0.55 0.85 0.37 0.79 0.35 0.83 0.46 4/73-5/75 3,756 
Table 15-2b. Mean seasonal significant wave periods and standard deviation for ship wave 
observations, BLM/NOAA Buoy EB-41, and the EG & G wave gage, in seconds. 
Winter SEring Summer Fall 
Source Ts (] "Ts g Ts (] Ts (] Observations 
Ship Wave Obs. 
(MS 116, SS 82-
83, 92-93) 6.30 2.22 5.60 1.80 5.60 1. 75 6.10 2.04 12/48-12/73 17,945 
Ship Wave Obs. 
( 10/7 5-9/76) 5.68 1.91 5.24 1.35 5.37 1.53 6.28 2.32 10/75-9/76 1,955 
BLM/NOAA Buoy 
EB-41 7.64 2.21 6.99 1.44 7.14 1.42 7.90 2.53 10/75-9/76 2,613 
)....& EG & G Wave 
.\.11 
·~ Gage 7.62 2.51 7.02 2.08 7.35 2.44 7.55 2.63 4/73-5/75 3,756 I-I 
\.11 
Table 15-3a. Mean monthly significant heights for BLM/NOAA Buoy EB-41 
and EG & G Wave Gage. The EG & G data is for 3 April, 1973 
to 31 May 1975, and BLM/NOAA Buoy EB-41 is for 23 October 
1975 to 7 September 1976. 
Month 
December 
January 
February 
March 
April 
May 
June 
July 
August 
September 
October 
November 
Table 15-3b. 
Month 
December 
January 
February 
March 
April 
May 
June 
July 
August 
Septmeber 
October 
November 
EG & G 
H8 (m) a 
1.03 
0.90 
0.96 
0.94 
0.86 
0.85 
0.84 
0.68 
0.76 
0.86 
0.85 
0.81 
0.65 
0.52 
0.52 
0.58 
0.41 
0.34 
0.39 
0.21 
0.34 
0.38 
0.51 
0.39 
EB-41 
Hs (m) a 
1.72 
1.75 
1.53 
1.46 
1.13 
1.14 
1.07 
0.86 
1.14 
1.09 
2.03 
1.37 
0.80 
0.84 
0.79 
0.90 
0.80 
0.61 
0.46 
0.38 
0.79 
0.35 
0.91 
1.05 
Mean monthly significant periods for BLM/NOAA Buoy EB-41 
and EG & G Wave Gage. The EG & G data is for 3 April 1973 
to 31 May 1975, and BLM/NOAA Buoy EB-41 is for 23 October 
1975 to 7 September 1976. 
EG & G EB-41 
Ts (sec) a Ts (sec) a 
8.30 2.71 8.27 1.55 
7.57 2.24 7.40 1.03 
7.67 2.54 7.02 1.41 
7.23 2.66 7.82 3.50 
7.03 2.11 6.89 1.43 
7.00 1.94 . 7.10 1.45 
6.43 1.51 7.07 1.06 
8.00 3.33 6.74 0.86 
6.96 2.15 7.30 1.73 
8.17 2.46 8.66 2.14 
7 •. 88· 2.52 7.50 3.60 
6.89 2.71 8.02 2.06 
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heights are lower. The lower heights observed for fall for the EG & G 
data may be due to the fact that the gage was not working due to 
servicing during the early part of November 1974. Also, during the 
first 9 days of November 1973, only two measurements were made a day, 
resulting in less data for the month of November. 
The most interesting factor to be observed from the graph is the 
reduction in the wave height from deep to shallow water (represented 
by the EG & G data). In addition to showing the lowest wave heights, 
the EG & G shallow water (i.e., 12m depths) wave data show the least 
difference between seasons. This is because many of the higher winter 
and fall waves are caused by westerly winds, which become far less 
important closer to shore. This correlates with both the data and 
conclusions reported in Williams et al. (1977), in which ship 
observations taken in both the inner and outer she!lf were compared. 
The fact that the wave heights of BLM/NOAA Buoy En-41 are slightly 
lower than the ship wave observations may also be related to the fact 
that EB-41 is on the landward side of the area of ship wave 
observations (Marsden Square 116). 
The wave periods also show seasonal changes ~~ith winter and fall 
having the longest waves (about 0.5 seconds more).. However, there is 
a large difference between observed and measured (EG & G and EB-41) 
wave periods, with the latter being about 25 percE~nt longer (7.5 
versus 6 sec) than observed waves. This correlatE~s with similar data 
compiled for the area adjacent to southeast Virginia (Gutman 1976; 
Gutman et al. 1977). Note that the values of mean seasonal wave 
periods are quite similar for the EG & G gage and BLM/NOAA Buoy EB-41, 
despite the different time periods encompassed in each of the two sets 
of measurements. 
Comparison Between Seasonal and Monthly Summaries 
As a method of further study of the EG & G and EB-41 data, 
monthly means and standard deviations were calculated and graphed 
(Figures 15-7 and 15-8). Note that the deeper wat:er wave heights 
(Figure 15-8) are nearly twice as large as the waves in shallow water 
(Figure 15-7). The graph of the EG & G data shows an interesting 
month-to-month variation. The December high reflE~cts the winter high 
from the seasonal data. There is a question as to whether September 
should be included as a summer month since this monthly mean wave 
height is higher than either of the fall months. The difference of 
0.18 m between July and September does not appear in the seasonal 
data. The sharp increase in the standard deviation from the months of 
July and August to September is also notable. In general, the 
standard deviations are so large and differences ln seasonal means so 
small that there is a real statistical question at; to seasonal 
differences in the EG & G data (Figure 15-7). 
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wave heights (including + 1 standard deviation) for the 
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Figure 15-8. Comparison of mean monthly and mean seasonal significant 
wave heights (including + 1 standard deviation) for 
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15-19 
The monthly graph for BLM/NOAA Buoy EB-41 does not show a similar 
summer variation. This is probably due to the fact that the 
statistics for the month of September only represent one week of data. 
However, here the seasonal differences in wave height are large 
enough, relative to the standard deviations, that the seasonal 
differences are quite pronounced. 
With respect to long-term ship wave observations, wave height 
frequency distributions were plotted for the different seasons to show 
changes in the height distribution during the whole year (Figure 
15-9), and for winter (Figure 15-10), and summer (Figure 15-11). 
Comparison of the distribution for winter and summer (the only two 
seasons included here) shows that there is a tendency for waves of. 
greater heights during winter. This increased frequency occurs in all 
height classes ~ 2m, with a concomitant decrease of about 20 percent 
in the <1 m height class. 
Since observed wave periods appear to be biased towards shorter 
waves, the frequency distribution of the ship wave observations might 
be expected to give minimal value. The total year distribution 
(Figure 15-12) indicates that wave periods > 10 seconds may be 
expected to occur at least 10 percent of the time (i.e., about 36.5 
days per year), and probably more often. Similarly, wave periods of 
12 - 13 seconds, and > 14 seconds, each occur at least 2 percent of 
the time. 
Concomitant Measured and Observed Wave Data 
In order to check the accuracy of the NOAA Ship Wave 
Observations, data from BLM/NOAA Buoy EB-41 were compared with Ship 
Wave Observations for the same time period (October 1975 - September 
1976) (Figures 15-13 and 15-14). The mean seasonal significant wave 
heights of the two sources are very dramatically similar, with minor 
exceptions during summer and fall. These differences can be 
attributed to the fact that only one week of data from BLM/NOAA Buoy 
EB-41 was available for each of the months of September.and October. 
The graph comparing the seasonal mean significant periods for· the 
Ship Wave Observations and BLM/NOAA Buoy EB-41 shows a marked 
difference, with the observed wave periods being about 25 percent 
shorter than the concomitant measured wave periods, as reported in 
other studies (Gutman 1976). Thus, the observed wave heights appear 
to be reliable data, but observed wave periods tend to be lower than 
measured. 
Directional Wave Data 
The Ship Wave Observations were useful because they provided 
information on the direction of wave approach not available from the 
(TEXT CONTINUES ON PAGE 15-27) 
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data of BLM/NOAA Buoy EB-41 and EG & G gage. These directional data 
were compiled and plotted in wave roses for both the total year and 
the NOAA seasons (Figures 15-15 through 15-20). The change in 
direction of wave approach from winter to summer is notable. Whereas, 
in winter the northwest is the dominant direction, in summer the 
dominant wave approach direction is from the southwest. Also, the 
east-northeast is more important in summer than in winter; and the 
north wave direction is more important in winter. The directional 
data applies, of course, to both wave height (Figures 15-15 through 
15-17) and to wave period (Figures 15-18 through 15-20) distributions. 
Over 90 percent of the ~nnual Ship Wave Observations had_Hs ~ 3.5 
m, and 47 percent had 1.0 < Hs < 1.5 m (Figure 15-9). Since Hs ~ 3.5 
m occurred only a relativeTy small amount of the time, it is difficult 
to discern directional trends for the largest waves (Figure 15-15). 
However, there was a slight trend, and the azimuth directions with 
most frequently occurring large wave heights were (descending order): 
285°-345°, 345°-75°, 225°-255°, 75°-105°. The most common direction 
in winter for Hs ~ 3.5 m was 285°-345° (northwest), and in summer, was 
15° - 75° (northeast) (Figures 15-16 and 15-17) 
The directions from which the longest waves (T > 10 sec) occurred 
most frequently were 315°-345° (northwest), 45°-105°~ 165°-315°, and 
345°-015°. However, the biases against the reporting of storm waves 
must be kept in mind. 
Temporal Wave Climate Changes 
The Ship Wave Observations represent the only long-term wave data 
available for the lease block area. Plots of the percent frequency of 
occurrence of the wave height and period data for the 25 years of Ship 
Wave Observations were made (Figures 15-21 and 15-22). From these 
plots, seasonality and trends in the wave data over time can be 
observed. An unknown aspect in these plots was the sudden significant 
increase in the percent frequency of shorter wave periods in winter 
1965. This increase could possibly be due to a combination of 
factors, such as a number of mild seasons, increasing the frequency of 
low-period waves, coupled with the coding form change, which occurred 
in 1968 (Quayle, Env. Data Service, Asheville, North Carolina, 
personal communication, 1976). However, the cause is unknown, and is 
probably some artifact in either the collection or processing 
procedure, as there is no similar change in the wave height 
compilations (Figure 15-21). The two most significant aspects of 
these plots are the regularity of the seasonal changes, and the 
apparent similarity of wave height distributions through time. This 
needs to be statistically tested. If true, and coupled with the 
excellent comparison of wave height observations with measured data, 
this information qualitatively suggests that the wave climate in this 
area has not appreciably changed since 1949. This is a very 
significant conclusion with respect to the question of the 
applicability of the present shelf studies to recent past events. 
(TEXT CONTINUES ON PAGE 15-36) 
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Figure 15-19. Percent frequency of wave periods by direction for Ship Wave 
Observations, Marsden Square 116, Subsquares 82, 83, 92, and 
93 (December 1948-November 1973) for winter (December-March). 
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Observations, Marsden Square 116, Subsquares 82, 83, 92, and 
93 (December 1948-November 1973) for summer (June-September). 
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116, Subsquares 82, 83, 92, and 93. 
Comparison with Wave Climatology Adjacent to Southeastern Virginia 
(Gutman 1976) 
The comparisons of the three sets of wave height data appear to 
be quite compatible with the wave climatology developed by Gutman 
(1976) for the shelf adjacent to Southeastern Virginia (Tables 15-4a 
and 15-4b). Again, there is a dramatic difference in wave period data 
between observed periods and recorded (or hindcasted) periods, and so, 
observational wave period data should be viewed with some skepticism. 
Seasonal differences in wave climate appear to be about the same in 
both regions, though the Baltimore Canyon has slightly larger wave 
heights than Southeastern Virginia. However, in both areas the 
seasonal spread for the shelf Ship Observations (0.55 m) is about 
three to four times that for the nearshore measured waves (0.15 m for 
EG & G and 0.12 m for the Virginia Beach Gage). However, note the 
large standard deviations in all these data. With respect to wave 
periods, the Virginia Beach Gage appears to have wave periods about 
one second longer than EG & G or EB-41. This may be due to slight 
differences in wave climates during the different years encompassed by 
each data set. 
Summary 
The following paragraphs provide a summary of the extensive 
analyses and findings of this wave climate study incorporating three 
different wave sources. These findings largely coincide with the 
conclusions reached by Williams et al. (1977), who compared Ship Wave 
Observations from different portions of the shelf for the same general 
area. 
Seasonality 
The highest wave heights and longest periods in all cases occur 
during the seasons of fall and winter. The lowest heights and 
shortest periods tend to occur during the seasons of spring and 
summer. 
Directional Wave Approach 
The highest waves during the total year tend to approach from the 
two northern quadrants. During winter, most waves approach from the 
northwest, in particular 285°-345°. During summer, the direction of 
approach of most waves is south-southwest (165°-255°). One fact that 
is notable from all of the wave roses is that the major direction of 
wave approach for both winter and summer is from the western 
quadrants. If this is not due to bias in the data, it indicates that 
most of the waves are traveling from the landward portion of the shelf 
to the areas offshore, under the effects of the dominantly westerly 
15~36 
Table 15-4a. Seasonal average significant wave height (Hs), in meters, and standard 
deviation ( ) for Southeastern Virginia (Gutman 1976). 
Winter SEring Summer Fall Years 
Hs a Hs a lis a Hs a 
Ship Obser. 1.23 .85 1.12 .77 .so .57 1.15 .76 12/48-12/73 
Ches. Light 1.10 .63 1.02 .57 .99 .54 1.24 .66 1/70-12/72 
SMB Hindcast 1.28 1.10 1.09 .90 1.11 .93 1.07 .94 1/48-1/50 
CO SOP .76 .93 • 71 .85 .73 .94 .79 1.03 4/54-12/65 
Va. Beach Gage .70 1.43 .61 1.08 .58 1.15 .74 1.23 4/64-10/69 
I-" Table 15-4b. Seasonal average significant wave period (Ts), in seconds, and standard 
\J1 deviation ( ) for Southeastern Virginia (Gutman 1976). I 
w 
...... 
Winter SEring Summer Fall Years 
Ts a Ts a Ts a Ts a 
Ship Obser. 5.37 1.70 5.21 1.87 5.18 1.44 5.43 1.71 12/48-12/73 
Ches. Light 4.54 .51 4.52 .30 4.56 .54 4.50 .17 1/70-12/72 
SMB Hindcast 10.44 2.92 10.00 2.41 9.56 2.84 9.89 2.96 1/48-1/50 
CO SOP 5.90 .77 5.98 .64 6.01 .70 5.93 .78 4/54-10/65 
Va. Beach Gage 8.20 2.71 7.93 2.39 8.49 2.10 8.80 2.48 4/64-10/69 
winds in these latitudes (as also suggested by Neu 1976). It also 
explains the dramatic decrease in wave heights in the landward 
direction (i.e., Ship Wave Observations and Buoy EB-41 versus EG & G 
wave gage). 
Comparison of Wave Height and Period Data 
Excellent comparisons are observed in concomitant wave height 
observations and measurements. However, because the wave period data 
from the Ship Wave Observations show a marked disparity when compared 
with BLM/NOAA Data Buoy EB-41 data for the same time period, it is 
difficult to ascertain the reliability of the observed wave periods, 
though observed periods tend to be 25-50 percent smaller than measured 
(see also Gutman 1976). Another bias in Ship Wave Observations is 
toward fair weather conditions, as ships tend to avoid storms 
(Goldsmith et al. 1974). 
Temporal Changes 
The wave climate appears to have been reasonably similar since 
1949, though these data need to be statistically evaluated. 
WAVE MODEL INPUT 
Development of Wave Conditions 
The 12 wave conditions chosen from the wave climate data are 
represented in Table 15-5. These 12 conditions were input into the 
first year's First Order Wave Model, utilizing the 0.5 NM (nautical 
mile) depth grid. A subroutine incorporated into the program 
determined when the input wave rays intersected the perimeter of the 
new BLM Second Order Grid. The wave rays were terminated at the 
points of intersection. The program then recorded the wave parameters 
at the last point along each ray for input into the Second Order Grid 
(Figure 15-23). These parameters were recorded by means of punched 
cards. The data included the x and y coordinates, azimuth, and wave 
height. The punched cards were then input into the modified wave 
refraction program including the adoption of Komar and Miller (1973, 
1975) maximum bottom orbital velocity (Umb) calculations. 
The modified program utilized the new BLM Second Order Grid bound 
by 39°37'N, 38°J8'N, 73°43'W, and 72°20'W, with grid spacing of 0.25 
NM (see depth grid section). This grid encompassing the leased blocks 
is approximately 65 x 60 NM (104 x 96 km). 
The wave ray diagrams were plotted at page size, the final 
publication size (Figure 15-24). The wave ray density was input at 
0.25 NM, doubling the density of the First Order Grid ray diagrams. 
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Table 15-5. Wave input conditions for Second Order VIMS-BLM Wave 
Climate Model. 
Wave Dir. Wave Period Wave Height 
(Az.) (sec) (meters) (feet) 
60 9 2.5 8.12 
60 11 3.0 9.84 
60 13 3.5 11.48 
*60 14 13.0 42.64 
90 9 2.5 8.12 
90 11 3.0 9.84 
90 13 3.5 11.48 
*90 14 13.0 42.64 
150 9 2.5 8.12 
150 11 3.0 9.84 
150 13 3.5 11.48 
*150 14 13.0 42.64 
* "Design" Waves 
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Figure 15-23. First Order Model modified to produce input for Second 
Order BLM grid. 
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Figure 15-24. Second Order depth grid wave refraction diagram. Location 
indicated in Figures 15-la and 15-1b. 
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Depth Information 
The depth input data consisted of 62,400 depths digitized and 
stored on magnetic tape in a two-dimensional x-y array (260 x 240) 
transcribed from NOS original sounding sheets, U.S.G.s. depth 
·information in selected areas, and interpolations made to achieve a 
0.25 NM, (Nautical Mile) grid. Because the original depth density was 
about 0.25 NM, interpolations were minimal. The grid wa.s transposed 
onto a Transverse Mercator Projection. This Second Order Depth Grid 
reflected the updated depth data compiled since the completion of the 
BLM First Order Grid utilized in the first year's work (Figures 15-la, 
15-lb, and 15-25; Table 15-6). These depths were contoured for the 
lease block area (Figure 15-26). 
The techniques and philosophy used are extensively described in 
Goldsmith et al. (1974, p. 13-19), Goldsmith (1976), and Goldsmith 
(1977). The accuracy of the depth information and depth transposition 
technique employed here are discussed in Sallenger et al. (1975). 
MODEL OUTPUT 
Computations were made on an IBM 370 computer. The most 
significant wave data listed in the computer printout were portrayed 
graphically in the form of wave ray diagrams and contour plots. The 
computer program for contouring is the same as used in the shelf 
contour plots from the first year BLM work, and as described by Hamm 
et al. (1975). This program was tested at the NASA-Langley Computer 
Center before it was adopted. Also, the efficacy of using a computer 
contouring routine with these data was exhaustively analyzed and 
reported in detail in the first year's study, and shown to be 
reliable. Whereas, the computer-generated values! are in English 
units, all diagrams are in metric units. These diagrams and figure 
numbers are listed in the Appendix. 
Wave Ray Diagrams 
Several comments concerning the preparation of the graphic 
Calcomp plots are in order. All diagrams were plotted at page size in 
order to promote accessibility and easy handling. Thus far, more 
detail went into their preparation than might appear, given the scale 
of presentation. For example, the 12 wave ray diagrams were computed 
using a total of 62,400 depths on a 0.25 NM grid. Some indication can 
be obtained from the diagrams by noting the large number of input wave 
I The extensive data are being temporally stored at VIMS, and only 
the graphic summaries are included here. 
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Figure 15-25. Sources of depth data used in the VIMS-BLM Second Order depth grid. 
The numbers refer to NOAA Hydrographic sounding sheets, and the 
SUB areas are USGS original depth surveys (see Table 15-6). 
Table 15-6. Sources of depth data used in the VIMS-BLM Second Order 
depth grid. Numbers refer to original hydrographic sounding 
sheets (NOS), and the SUB areas are U.S.G.S. original depth 
surveys. (See Figure 15-25 for locations) 
Map No. Date Scale Soundings in: 
6192 1936 1:120,000 fathoms 
6219 1937 1:120,000 feet 
6220 1937 1:120,000 fathoms 
6345 1938 1: 80,000 fathoms 
6346 1938 1: 40,000 fathoms 
Subsquare 1 1:128,000 meters 
Subsquare 2 1:128,000 meters 
Subsquare 3 1:128,000 meters 
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Figure 15-26. Bathymetric map of the 1 ease block .area. 
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rays (Table 15-7). The number of wave rays varies with each condition 
since the input is representative of the refracted condition from 
beyond the lease block area. Thus, the angle of approach (e.g. 
northeast versus east) will greatly affect this. Also, convergence or 
divergence will alter the number of wave rays entering the designated 
area. The original input was at 0.25 NM or the equivalent of one 
Second Order Model grid unit. 
Contour Diagrams 
The lease block wave height diagrams were contoured at 2, 4, 6, 
and 8 meters for nine of the input conditions, and 2, 6, 10, and 14 
meters for the three design waves. The two sets of contour intervals 
were developed to effectively display the data utilizing varying input 
heights. This difference in contour intervals must be considered when 
comparing wave height contour diagrams. The maximum bottom orbital 
velocity was contoured at 15, 27, and 60 em/sec, corresponding (very 
approximately) to the minimum velocity required to initiate sediment 
transport in fine, medium, and coarse sand, as discussed later. The 
computations were made at intervals of 0.25 NM in "deep" water, and 
lesser intervals in intermediate depths (Table 15-8), so that more 
detailed information was available in shallower areas where greater 
refraction occurs. Also, in order to save on paper, not every 
computation point was printed (i.e., in deep water, depth (D))1/2 wave 
length (L), every tenth point along each wave ray was printed; in 
areas of slight refraction (L/2 > D) L/4), every fifth point was 
printed; and in depths where significant wave refraction could occur 
(D ~ L/4), every point was printed). Every computation point was used 
in the wave ray diagrams, but only the printed values were used in the 
contour diagrams. Wave height and bottom velocities were only 
contoured over those shelf areas in which wave refraction occurred. 
Table 15-8. Distance along the wave rays between computation points, 
in the vicinity of the lease blocks. 
Input Wave Period (sec) 
9 11 13 14 
NM 0.25 0.23 0.21 0.20 
Km 0.46 0.43 0.38 0.37 
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Table 15-7. Input wave rays. 
Wave Conditions No. of lnEut Ra~s into Grids 
AZ (deg) T (sec) Ht (m) First Order Second Order 
60 9 2.5 440 328 
60 11 3.0 440 331 
60 13 3.5 440 361 
60 14 13.0 440 373 
90 9 2.5 292 239 
90 11 3.0 292 239 
90 13 3.5 292 241 
90 14 13.0 292 244 
150 9 2.5 446 321 
150 11 3.0 446 321 
150 13 3.5 446 321 
150 14 13.0 446 321 
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Threshold of Sediments 
There are two major questions with respect to the computations of 
the initiation of sediment motion on the shelf sea floor. First, what 
are the velocities required to move different sizes of sediment and 
second, where do these velocities occur for the 12 modeled wave 
conditions? 
With respect to the former, computations suggested by Komar and 
Miller (1973, 1975), discussed earlier, were made for various sediment 
sizes for each of the four wave periods (9, 11, 13, and 14 seconds) 
(Table 15-1). 
The second aspect, where these velocities occur, are computed in the 
Wave Model. The maximum bottom orbital velocity (Umb) is computed along 
each wave ray. Concomitantly, a test is made to determine if the Umb is 
large enough to transport any of the grain sizes. If positive, the 
coarsest grain size capable of being moved by the wave at that depth and 
location is stated. These values are indicated at each step along each 
wave ray (intervals of approximately 0.24 NM (0.45 Km); Table 15-8), in 
the computer printout. These data are available at VIMS but, because of 
the extensive size of the printouts, are not included here. 
However, areas of the shelf where different grain sizes can be 
moved, for the 12 specific model wave condition, can be approximated by 
comparing the values in Table 15-1 with those contoured Umb values 
presented in Appendix C, for each of the 12 wave input conditions. This 
was done, and the results discussed later. Here, Table 15-1 was divided 
into three approximate groupings: (a) finer than 3.5 to 4.0~, which are 
the grain sizes moved by Umb = 15 em/sec; (b) finer than 1.5~, which is 
moved by Umb = 27 em/sec; and (c) finer than -1.5 to -1.0~, which is 
moved by Umb = 60 em/sec. The broad grain size ranges in (a) and (c) 
above are due to the differences between wave periods, as the longer 
the wave the greater the threshold velocity required to initiate 
sediment motion. 
RESULTS 
The output data are in three formats: (a) wave ray diagrams; (b) 
contour plots of computed heights and maximum bottom orbital 
velocities; and (c) calculations of the threshold of sediment motion 
for the various input wave periods approximately summarized in several 
figures. The results of these computations are discussed below. 
Wave Ray Diagrams 
When comparing these diagrams shown in Appendix A with those given 
in the first year's study which used about one-third as many depths per 
unit area (i.e., 0.5 NM versus 0.25 NM), it is apparent that there is a 
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significant increase in detail of wave behavior w.ith the greater depth 
density (e.g., compare Figure 15-27 with Figures 15-A-6, and 15-A-7). 
This is because the irregular shelf topography in this area is produced 
in more detail in the 0.25 NM depth grid, resulting in greater wave 
refraction. A coarser grid smooths the irregular topography. Thus, the 
first study, which indicated that wave refraction is important in this 
area, was verified by the results ·of this follow-up study. This study 
shows that extensive wave refraction occurs for wave periods longer than 
11 seconds for all easterly wave approach directions. 
Extensive wave refraction, resulting in several areas of wave energy 
concentration and diminution, occurs in the northwest portion of the 
Baltimore Canyon Trough OCS lease block area, and to a lesser extent, the 
southwest portion of this area. Whereas, the first area is greatly 
affected by all wave directions and periods except nine seconds from 90° 
and 150°, the latter area is only affected by 13 and 14 second waves from 
60° and 150°. This is due to the non-uniform bathymetry. Greater 
density in input directions are required for del~neating the behavior 
between these angles. 
Within the northwest portion, the areas of wave energy concentration 
for waves from 60° and 90° azimuths are approximately the extreme 
northern area and lower central portions; between these two areas is an 
area of wave energy diminution. However, for waves from 150°, the 
central portion of this area is an area of wave energy concentration. 
Contour Diagrams 
Wave Height Distribution 
The computer-contoured wave height distributions for all 12 
conditions are shown in Appendix B. Areas of "enhanced" wave heights are 
shown in Figure 15-28 for input wave conditions of 2.5 m and 3.5 m wave 
heights, and in Figure 15-29 for input wave heights of 13 m. In general, 
the "busiest" areas are landward of the lease blocks. Other areas of 
"enhanced" wave heights are at the shelf edge (where wave refraction is 
initiated in the longer waves), and in the northwest and southwest 
portion of the lease blocks. The longer 14 second waves, of course, show 
many small areas of high wave heights (Figure 15-29). The specific areas 
of largest wave heights for most of the 12 conditions are the northwest 
portion and the west-central part of the southwest lease block portions. 
Waves from 60° azimuth result in large wave heights over more of the 
lease block area, and waves from 150° over less of the area, than the 
other wave approach directions. 
Maximum Bottom Wave Orbital Velocity (Umb) Distribution 
The computer-contoured distributions for all 12 wave input 
conditions are shown in Appendix C. Areas of "enhanced" bottom 
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Figure 15-27. First Order VIMS-BLM Model refraction diagram for AZ = 90° 
and T = 12 sec (from Goldsmith 1977). 
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Figure 15-28. Summary of areas of "enhanced" wave heights (6 meter 
height contour) for 9 commonly occurring wave con-
ditions with input height of 2.5 and 3.5 meters. 
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Figure 15-29. Summary of areas of "enhanced" Umb (60 em/sec contour) 
for 3 "design" waves with input heights of 13 meters. 
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velocities (> 60 em/sec) are shown in Figure 15-30 for input wave 
conditions of 2.5 and 3.5 m wave heights, and in Figure 15-31 for input 
wave heights of 13 m. In general, the Umb distribution follows the wave 
height distribution previously discussed. 
The general trend appears to be many small local areas of "enhanced" 
bottom stirring for each of the various wave conditions, especially in 
the northwest portion, and to a lesser extent, tht~ southwest portion 
(western part), and shelf edge portion of the lease block areas. The 
"enhanced" areas for the 13 m input conditions (Figure 15-31) are more 
evenly distributed throughout the lease block area. 
Sediment Transport 
Figures 15-32 to 15-34 illustrate the sand sizes of sediment 
predicted capable of being moved in the lease bloek area, for the 12 
modeled wave conditions. (Movement of silts and elays, which involve 
aspects of cohesion, are not considered here.) As discussed earlier, 
these diagrams are an approximation of the extens:lve data computed 
along each wave ray. They were compiled by integrating the results of 
Table 15-1 with the Umb contour diagrams, and summarizing the results 
in terms of grain sizes moved by 15, 27, and 60 ctn/sec, as computed 
site-specifically. The threshold velocity will vary with the wave 
period, but only over a 1/4~ range, between 9 and 14 seconds, and, 
therefore, not significantly. 
Figure 15-32 shows that sand grain sizes finer than 3.0~ are 
capable of being moved throughout the lease block area by the combined 
three design waves, and over most of the area (all except the shelf 
edge) by the nine combined commonly-occurring conditions. That is, 
there are areas of Umb = 15 em/sec (velocities required to transport 
sand finer than 3.0~), indicated by the 12 wave conditions. 
The results for sediment transport of sand g:rains finer than 
1.0.S (i.e., areas of threshold velocities= 27 em/sec) show a similar 
pattern (Figure 15-33) for the combined commonly occurring waves. 
As expected, the lease shelf area is potentially capable of 
transporting sand finer than -2.0.S (i.e., threshold velocities= 60 
em/sec). The numerous local areas are clearly indicated in Figure 
15-34. In general, the lease block areas of potential transport for 
the 12 wave conditions are in the northwest and shelf edge portions 
and the areas with little transport of this coarse sediment are the 
southwest and northeast portions. 
In summary, for this lease block area: (a) sediments finer than 
1.0.S are capable of being moved throughout the area for at least one 
of the 12 input conditions; and (b) the Umb computations are such that 
areas where the threshold velocities are exceeded for the 12 wave 
(TEXT CONTINUES ON PAGE 15-59) 
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Figure 15-30. Summary of areas of "enhanced" Umb (60 em/sec contour) 
for 9 commonly occurring wave conditions with input 
heights of 2.5 and 3.5 meters. 
15-54 
•. 
,.,. 
·~· _, 
, .. , . ·:·. : , ,. "'. :.:. 
.. 
.... 
,. ·..-
:; . · .. 
( ..... 
'· 
<:;:) '(j' () 
0 0 C· 
1., . "~ -.,o 
. ; \.. -· 
\,• 
:· . 
·.; 
AZ = 60° Pd = 14 sec Ht = 13 m 
AZ = 90° Pd = 14 sec Ht = 13 m 
AZ= 150° Pd = 14 sec Ht = 13m 
ENHANCED f WAVE HTS. 
(14 METER CONTOUR) 
Figure 15-31. Sunnnary of areas of "enhanced" ·wave heights (14 meter 
height contour) for 3 "design" waves with input heights 
of 13 meters. 
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MOVEMENT OF SEDIMENT 1 
FINER THAN 3.0<1> ~ 
~ SEDIMENT MOVEMENT BY COMMONLY OCCURRING WAVES 
~ SEDIMENT MOVEMENT BY "DESIGN" WAVES 
Figure 15-32. Areas of computed sediment movement within lease blocks 
indicated by twelve modeled wave conditions for sand 
grain size finer than 3.0~. 
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SEDIMENT MOVEMENT BY COMMONLY OCCURRING WAVES 
SEDIMENT MOVEMENT BY "DESIGN" WAVES 
Figure 15-33. Areas of computed sediment movement within lease blocks 
indicated by twelve modeled wave. conditions for sand 
grain size between 3.0~ and 1.0~. 
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Figure 15-34. Areas of computed sediment movement within lease blocks 
indicated by twelve modeled wave conditions for sand 
grain size between 1.0~ and -2.0~. 
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conditions and for sediments between 1.0 and -2.0~ in size vary widely 
throughout the lease block area. 
DATA AVAILABILITY AND STORAGE 
All computer generated output is stored on bound computer 
printout and on magnetic tape at VIMS. These tapes will be retained 
only to the end of the contract period (Tables 15-9a and 15-9b), 
unless specifically requested otherwise. Since these data are 
generated data, not environmental data, it is not planned to deposit 
copies of the tapes with the Environmental Data Service along with 
other VIMS-BLM data. 
MODEL COMPARISONS WITH AERIAL PHOTOGRAPHS AND MEASURED WAVES 
Comparison of Computed Wave Ray Dlagrams 
with Aerial Photographs 
High altitude aerial color infrared transparencies from 
NASA-Wallops Island were utilized for verification of the wave model. 
All photographs of the New Jersey shoreline available at NASA-Wallops 
Island were viewed. Unfortunately, the best combination of correct 
scale and included area (in order to see waves approaching from deep 
water to shore), and long period waves (which would show maximum 
refraction) were not available for this area, and photographs with six 
second waves had to be used. The photographs chosen have a scale of 
1:130,000 (Table 15-10). Wave length and direction were determined 
from the photograph in as deep water as possible:, and then the period 
was calculated utilizing the general equation 
L = ~~ tanh <-¥>. 
A successful example of this is shown in Figure Jl5-35 (from Goldsmith 
1976). It portrays a complex wave situation in Saco Bay, Maine, using 
eight second waves. 
The calculated condition was input into a wave refraction program 
modified to plot equal time intervals along the wave rays in the form 
of tic marks (Figure 15-36). The change of a pen command of the 
plotter allowed only the tic marks to be plotted.. The tic marks, when 
connected, represent wave fronts equally spaced along the wave ray 
with respect to time (Figure 15-37). The wave front diagrams were 
then compared with the aerial photograph so that the refraction 
patterns could be analyzed. These comparisons showed a fine 
relationship between the refraction on the photographs and the 
refraction on the computer model (Figure 15-38a and 15-38b). The only 
exception on the comparison was the location of the shoreline. 
However, this can be attributed to the time difference in years 
between the most recent bathymetric survey (1938) represented in the 
(TEXT CONTINUES ON PAGE 15-68) 
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Table 15-9a. Magnetic tape storage of VIMS-BLM wave ray data and plots. 
(DCB = LRECL = 132) (BLKSIZE = 2640) 
Bin No. Wave No. of 
Ta:ee (0- ) Label Direction Period Height Ra~s Plot VS0327 
VS0321 063 1 60 14 13.0 m 328 Label 1 
VS0321 063 2 60 13 3.5 m 331 Label 2 
VS0321 063 3 60 11 3.0 m 361 Label 3 
VS0321 063 4 60 9 2.5 m 373 Label 4 
VS0328 078 1 90 9 2.5 m 239 Label 5 
VS0328 078 2 90 11 3.0 m 239 Label 6 
VS0328 078 3 90 13 3.5 m 241 Label 7 
VS0328 078 4 90 14 13.0 m 244 Label 8 
VS0330 080 1 150 14 13.0 m 321 Label 9 
VS0330 080 2 150 13 3.5 m 321 Label 10 
VS0330 080 3 150 11 3.0 m 321 Label 11 
.- VS0330 080 4 150 9 2.5 m 321 Label 12 V1 
I 
"' 0 
Table 15-9b. Magnetic tape storage of VIMS-BLM wave height and maximum orbital 
velocity contour diagrams. 
Bin No. Wave Contour 
Tape (0- ) Label Data Direction Period Height Interval !SKIP 
VS0326 068 1 WH 60 14 13.0 2,6,10,14 16 
VS0326 068 2 UMB 60 14 13.0 15,27,60 16 
VS0326 068 3 WH 60 13 3.5 2,4,6,8 16 
VS0326 068 4 UMB 60 13 3.5 15,27,60 16 
VS0329 079 1 WH 60 11 3.0 2,4,6,8 8 
VS0329 079 2 UMB 60 11 3.0 2,4,6,8 8 
VS0329 079 3 WH 60 9 2.5 2,4,6,8 8 
VS0329 079 4 UMB 60 9 2.5 15,27,60 8 
VS0331 081 1 WH 90 9 2.5 2,4,6,8 8 
VS0331 081 2 UMB 90 9 2.5 15,27,60 8 
VS0331 081 3 WH 90 11 3.0 2,4,6,8 8 
1-i VS0331 081 4 UMB 90 11 3.0 15,27,60 8 
V1 
I VS0332 082 1 WH 90 13 3.5 2,4,6,8 16 
"' 1-i VS0332 082 2 UMB 90 13 3.5 15,27,60 16 
VS0332 082 3 WH 90 14 13.0 2,6,10,14 16 
VS0332 082 4 UMB 90 14 13.0 15,27,60 16 
VS0333 083 1 WH 150 14 13.0 2,6,10,14 16 
VS0333 083 2 UMB 150 14 13.0 15,27,60 16 
VS0333 083 3 WH 150 13 3.5 2,4,6,8 16 
VS0333 083 4 UMB 150 13 3.5 15,27,60 16 
VS0334 084 1 WH 150 11 3.0 2,4,6,8 8 
VS0334 084 2 UMB 150 11 3.0 15,27,60 8 
VS0334 084 3 WH 150 9 2.5 2,4,6,8 8 
VS0334 084 4 UMB 150 9 2.5 15,27,60 8 
Table 15-10. NASA-Wallops Island U-2 aerial photographs utilized in wave 
model comparison with computed waves, in the vicinity of 
Little Egg Inlet, New Jersey. 
Photo No. Altitude Scale Flight No. Location Date 
6709 65,000 1:130,000 72-209 38°57'N 74°52'W 12/1/72 
39°31'N 74°25'W 
6710 65,000 1:130,000 72-209 39°20'N 74°40'W 12/1/72 
39°34'N 74°00'W 
6711 65,000 1:130,000 72-209 39°36'N 74°20'W 12/1/72 
39°22'N 74°34'W 
6713 65,000 1:130,000 72-209 39°40'N 74°18'W 12/1/72 
39°28'N 74°00'W 
6715 65,000 1:130,000 72-209 39°51 'N 74°16'W 12/1/72 
39°35'N 73°56'W 
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Wave fronts (i.e. tic marks) with wave orthogonals removed. 
The wave fronts can now be compared with aerial photographs. 
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100.40 
computer model, and the shoreline on the more recent aerial 
photographs (1972). 
Comparison of EG & G Measured Wave Data with Computed Waves 
Using Storm Hindcasts 
As a method of attempted verification of the BCTWCM, times of 
high waves were chosen from the EG & G recorded wave data and compared 
with modeled waves. The high waves chosen were the result of storms 
that occurred in the area and were recorded on the EG & G gage seaward 
of Little Egg Inlet, New Jersey, and west of the study area (Figure 
15-1b and 15-2). Storm characteristics (wind speed, fetch, distance 
from gage) were chosen from the u. s. Weather Service Storm Charts for 
use in hindcasting the passing storm. Since the storm charts are 
presented only for six hour intervals, there is considerable 
uncertainty in the storm location and hence wave approach directon, 
for the storm-generated waves recorded at the EG & G gage. Deep-water 
wave heights were hindcasted using both the PNJ method 
(Pierson-Neuman-James) and the SMB method (Sverdrup, Munk & 
Bretschneider) (C.E.R.C. 1973). 
Because the PNJ method does not hindcast a significant period, 
·the periods observed at the gage were used as the input periods; the 
input PNJ height was computed for the period observed at the EG & G 
gage. The hindcasted data for the seven storms for both PNJ and SMB 
methods were used as input conditions for the BCTWCM, and a number of 
wave rays were refracted across the shelf towards the gage. From the 
output, the mean wave height at the gage for the two rays coming 
closest, and straddling the gage, was calculated. An example of a ray 
diagram for one of these storms is shown in Figure 15-39. The wave 
heights were chosen from the printout of the wave parameters computed 
along these rays. The hindcast data, input conditions and model 
output are presented in Table 15-11. 
In the course of conducting this study several weaknesses in the 
existing methodology, unrelated to this study, became apparent. 
First, the choice of the critical hindcast parameters of fetch, wind 
velocity and duration from the weather maps produced at six-hour 
intervals, is a highly qualitative process requiring more judgment 
than exactness. Also, the ocean storms were in areas lacking adequate 
weather data. Second, the mean wave periods produced by the two 
hindcast procedures, PNJ and SMB, were not the same significant wave 
periods reported by EG & G for the same time period, though in most 
instances they were within 1-2 seconds. Since wave periods do not 
change across the shelf, this is surprising. However, this may be 
simply due to the presence of other than storm waves in the EG & G 
vicinity. Since this is a wide shelf with irregular topography, 
significant differences in wave refraction could occur in the longer 
waves using wave periods as different as 1-2 seconds. 
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observed at the EG&G Wave Gage on 25 October 1973. AZ = 
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Table 15-11. Hindcast data (based on weather charts and C.E.R.C. 1973), input conditions, and output 
data comparison with measured waves at the EG & G Gage. 
Deep Water Hindcasts Hs Output 
PNJ SMB (Refracted Waves) Wave Measurements Percent 
Storm (C.E.R.C. 1973) Input Conditions Friction Coefs at E.G. & G. Gage Difference 
Date Time 
9/14/73 1600 7.5 6.7 10.0 5.5 9.4 9.4 135° 5.5 (SMB) 2.4 2.5 3.5 6.8 - 4.0 
6.4 9.0 6.8 135° 5.0 (PNJ) 4.0 3.9 +60.0 
6.0 8.0 
10/25/73 1900 4.1 3.8 10.0 3.8 7.8 7.8 135° 3.8 (SMB) 3.0 2.5 3.7 5.5 +20.0 
3.7 9.0 5.5 135° 2.9 (PNJ) 2.6 2.7 + 4.0 
3.6 8.0 
~ 12/9/73 0400 6.5 6.2 10.0 4.4 8.6 8.6 90° 4.4 (SMB) 3.1 3.3 5.6 7.6 - 6.0 
lJ1 6.2 9.0 7.6 90° 5.4 (PNJ) 3.0 1.2 - 9.1 I 
""-J 5.6 8.0 0 
3/30/74 2200 4.9 4.5 10.0 3.7 7.5 7.5 90° 3.7 (SMB) 3.3 3.2 3.6 8.7 + 3.1 
4.5 9.0 8.7 90° 4.4 (PNJ) 3.0 - 6.3 
4.3 8.0 
12/1/74 2200 7.7 5.9 10.0 5.8 9.8 9.5 135° 5.8 (SMB) 3.1 4.4 5.6 10.0 -29.5 
5.4 4.9 9.0 10.0 135° 6.1 (PNJ) 3.5 -20.5 
4.6 4.1 8.0 
2/5/75 1000 2.9 2.6 10.0 2.3 6.0 6.0 90° 2.3 (SMB) 2.1 2.7 3.6 7.6 -22.0 
2.7 9.0 7.6 90° 2.7 (PNJ) 2.9 + 7.4 
2.7 8.0 
3/19/75 2200 2.3 2.3 10.0 2.5 6.5 6.5 135° 2.5 (SMB) 2.7 3.5 4.7 7.6 -22.9 
2.3 9.0 7.6 135° 2.2 (PNJ) 2.5 -28.6 
2.3 8.0 
Nevertheless, in conclusion there is a satisfactorily good 
correlation when comparing the results at the gage location of the 
wave heights refracted in the model based on hindcast data, with the 
measured wave heights reported by EG & G. Thirteen out of fourteen 
cases (PNJ and SMB hindcast input for each of the seven storms) are 
within 29 percent of each other (i.e., between co1nputed and measured 
wave heights), and seven of the cases are within 9 percent of each 
other. Also, use of a friction coefficient of 0.02 is clearly better 
than 0.01, as previously concluded in Goldsmith (1976). Another 
conclusion is that neither the SMB, nor the PNJ input data is clearly 
better, when averaged over the seven cases. However, the specific PNJ 
input data was chosen from the computed spectrum based on ~ priori 
information, i.e., the wave period reported by EG & G. Thus, the 
results of these comparisons are quite good, and the conclusions are 
quite encouraging. However, because of the inexactness in choosing 
the input wave conditions, concluding that the model was "verified" 
would, perhaps, be a little strong. It can be said, however, that the 
results of this comparison are quite good and considerably strengthen 
the reliability of the wave modeling in this area. 
SUMMARY OF SIGNIFICANT FINDINGS 
The extensive studies reported here may be divided into five 
portions: (1) formulation of input depth data; (2) formulation of 
wave climatology for the area, which also provided a basis for 
choosing the 12 wave input conditions; (3) wave output data including 
wave refraction diagrams and computer contour diagrams of wave heights 
and maximum bottom horizontal orbital velocity (Umb); (4) computations 
of initiation of sediment transport for different grain sizes; and (5) 
comparisons of model computations with aerial photographs of waves and 
measured wave data, both in the study area. The significant findings 
in each of these portions are summarized below. 
Formulation of Input Depth Data 
A second order depth grid bounded by 39°37'N, 38°38'N, 73°43'W, 
72°20'W, encompassing the lease block area, approximately 65 x 60 NM 
(104 x 96 km) consisting of 62,400 digitized depths from a 260 x 240 
depth array at 0.25 NM spacing, was compiled from original 
hydrographic sounding sheets and U.S.G.S. depth surveys. Since the 
original depth data were available at this density, very little 
interpolation was required. Major irregularities in bathymetry occur 
landward from the shelf edge, and especially in the northwest portion 
of the lease blocks. The contoured depth chart, included here, shows 
that the bathymetry was sufficiently irregular that such detailed 
information was needed to present the wave refraction output data at a 
sufficiently large scale so as to properly compare these wave data 
with the biological and chemical studies. 
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Formulation of Wave Climatology 
Wave data from three different wave sources were compiled, 
analyzed, and compared. The wave sources consisted of: (a) NOAA Ship 
Wave Observations for the four one-degree subsquares (82, 83, 92, and 
93) within Marsden Square 116 (encompassing the lease block area), for 
two time periods: 1948 to 1973, and October 1975 to September 1976. 
(The latter time interval coincides with the second wave data source), 
(b) BLM/NOAA Buoy EB-41; and (c) EG & G Waverider Buoy, located in 12 
m depths landward of the lease block area. 
The highest wave heights and longest wave periods from all three 
sources occur during the fall and winter seasons. The only 
directional data are from the wave observations. In the winter, the 
northwest is the dominant wave approach direction, and in the summer, 
the dominant direction is from the southwest, and secondarily, from 
the east-northeast. This may be due, only in part, to presumed biases 
against storms in ship observations (Goldsmith et al. 1974). 
The landward decrease in wave heights and decrease in seasonal 
difference are wave heights, from the lease block area to the EG & G 
wave gage, is attributable to two causes. First, they show the 
decreasing importance of westerly waves with decreasing fetch (as 
reported by Neu 1976, for the North Atlantic), and secondly, they are 
attributed to the increasing effects of bottom friction in decreasing 
the wave heights with shallowing depths. 
Comparisons between concomitant wave observations and measured 
waves (October 1975 to September 1976) in the lease block area 
indicate excellent correlations between wave height data and poor 
correlations between wave period comparisons. Observed wave periods 
are about 25 percent shorter than the measured periods. 
Plots of the temporal distribution of wave height and period data 
for 25 years (1948 - 1973) show no apparent significant change in the 
wave climate with time. (A change in the wave periods in the winter 
1965, but not the wave heights, is attributed to an artifact in the 
procedures, and not considered real). The lack of change is important 
for extrapolating the results of the 1975 - 1977 biological and 
chemical studies back in time. 
The results reported here show good correlation with a similar 
study by Gutman (1976) and Gutman et al., (1977), for Virginia, and 
with a study by Williams et al., (1977) comparing ship wave 
observations from different portions of the shelf. 
On the basis of this compilation and analysis, 12 wave 
conditions, (nine commonly occurring and three design waves) were 
chosen as input to the Second Order Model Study. They are wave 
periods of 9, 11, 13, and 14 seconds, with heights of 2.5, 3.0, 3.5, 
and 13.0 m, respectively, from 60°, 90°, and 150°. 
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Wave Model Output Data 
The wave ray diagrams and contours of computed heights and Umb 
show that there is extensive wave refraction in the area for these 
modeled conditions. The major areas of wave energy concentration and 
diminution, delineated in significant detail in these diagrams, are in 
the northwest, southwest, and shelf edge portions of the lease block 
area. Whereas, the first area is greatly affected by all wave 
directions and periods except nine seconds from 90° and 150°, the 
latter area is only affected by 13 and 14 second waves from 60° and 
150°. These data show far more detail than indicated in the First 
Order Model, due to greater depth density, and so provide the 
necessary wave information for assisting in the other studies. 
Threshold of Sediment Transport 
Calculations of the initiation of sediment transport, developed 
by Komar and Miller (1973, 1975), for sand-size sediment, were made 
for the four wave periods for different sediment grain sizes. The 
results were then tested against the computed Umb, and the grain sizes 
capable of being moved were indicated in the printout for the study 
area. This is the first attempt of such procedurt~s. Additionally, 
the results were summarized for three grain size groups: finer than 
3.0 to 3.56, 1.06, and -2.0 to -1.04, corresponding to 15, 27, and 60 
em/sec, the three Umb contours. 
The results indicate that large areas of this shelf area are 
subject to sediment transport under these not-infrequently occurring 
wave conditions: (a) sediments finer than 1.06 are capable of being 
moved throughout the area for at least one of the 12 wave conditions; 
and (b) the Umb computations for the 12 wave conditions are such that 
areas where the threshold velocities are exceeded for sand-size 
sediments between 1.0o and -2.0o in size, vary widely throughout the 
lease block area (as indicated in the summary diagrams). 
Comparisons of Model Computations with Aerial Photography 
and Measured Waves in the Study Area 
Though these comparisons suffered from a lack of photography of 
long-period waves in the area, and weaknesses in the hindcasting 
methodology and weather data, good comparisons were achieved. For the 
comparisons between computed and measured wave heights, seven out of 
fourteen cases were within 9 percent and thirteen out of fourteen were 
within 29 percent. These comparisons considerably strengthen the 
reliability of the wave modeling conducted in this area as part of 
this study. 
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APPENDIX 
List of Figures 
Wave Conditions 
Direction T Tide 
AEEendix (Figure) (from) (sec) (ft) Ht(m) Diagram T~Ee Wave Parameter 
A 1 60° 9 0 2.5 \vave Ray 
2 60° 11 0 3.0 Diagrams 
3 60° 13 0 3.5 
4 *60° 14 0 13.0 
5 90° 9 0 2.5 
6 90° 11 0 3.0 
7 90° 13 0 3.5 
8 *90° 14 0 13.0 
9 150° 9 0 2.5 
10 150° 11 0 3.0 
11 150° 13 0 3.5 
12 *150° 14 0 13.0 
B 1 60° 9 0 2.5 Shelf Wave Heights 
2 60° 11 0 3.0 Contour (Contour Inter-
3 60° 13 0 3.5 (Computer) val=l,2,3 meters) 
4 *60° 14 0 13.0 
5 90° 9 0 2.5 
6 90° 11 0 3.0 
7 *90° 13 0 3.5 
8 90° 14 0 13.0 
9 150° 9 0 2.5 
10 150° 11 0 3.0 
11 150° 13 0 3.5 
12 *150° 14 0 13.0 
c 1 60° 9 0 2.5 Maximum Bottom Horizontal 
2 60° 11 0 3.0 Wave Orbital Velocity 
3 60° 13 0 3.5 (Hand) 
4 *60° 14 0 13.0 
5 90° 9 0 2.5 
6 90° 11 0 3.0 
7 90° 13 0 3.5 
8 *90° 14 0 13.0 
9 150° 9 0 2.5 (Contour Interval= 
10 150° 11 0 3.0 15,27,60 em/sec) 
11 150° 13 0 3.5 
12 *150° 14 0 13.0 
* "Design" Waves. 
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